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Preface

The book deals with topics related to the new trends of research in nuclear science and its
subjects. It contains five chapters. The first one is an introductory chapter to explain the na‐
ture and purpose of the book and the logic and significance of its contents. The second chap‐
ter is a concise introduction to the core subject of nuclear science, which is the nuclear
reactions. Chapter three addresses some recent advances related to the famous nuclear de‐
tector material namely CdTe. Another new trend of nuclear science research mentioned in
this book is contained in chapter four. Joji M. Otaki has investigated the multifaceted biolog‐
ical effects from the tragic Fukushima nuclear accident caused by mother nature to help re‐
searchers understand the correlation of environmental effects on low-dose exposure. In the
last chapter, Thomas W. Grimshaw composed an interesting study on the so-called cold nu‐
clear fusion. The book presents recent knowledge on frontier topics of nuclear science re‐
search for chemists, physicists and engineers alike working in the area of nuclear reactors
and reactions, applied nuclear materials, and environmental effects. The book provides val‐
uable insights into some modern topics related to nuclear technology and its applications in
our daily life. Finally, the book's editors would like to express their gratitude and apprecia‐
tions to the book contributors and IntechOpen Author Service Manager. We hope this book
will be a useful addition to the rich body of knowledge available on modern nuclear science
and we look forward to a brighter future from its applications and technologies.

Nasser Sayed Awwad
Chemistry Department, Faculty of Sciences

King Khalid University
Abha, Saudi Arabia

Salem A. AlFaify
Physics Department, Faculty of Sciences

King Khalid University
Abha, Saudi Arabia
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1. Introduction

Nuclear energy is still one of the most thriving technological sectors in our modern life. It is 
considered by far one of the leading sources of alternative energy. That modern energy many 
driving forces worldwide are looking for, since, it does not share limitations and setbacks of 
the current energy sources based on fossil materials which are costly, depletable, and most 
importantly not environmental friendly. In a recent major interdisciplinary study from the 
“MIT Future of Series” initiative, a comprehensive report on the future of nuclear energy in a 
carbon-constrained world was published, suggesting strongly that nuclear energy is a poten-
tial solution to the challenge facing our modern world to establish sustainable mechanisms 
for producing energy that is based on low carbon technologies.

Many researchers, scientists, and engineers alike on the fields of nuclear science have come
with similar conclusions of the MIT study on nuclear energy and insist that more efforts are
needed to lower the cost of nuclear technology and optimize its applications in our daily life at
the same time. Therefore, many research groups on nuclear science from around the globe are
actively working in a variety of fronts to expand the body of knowledge available on nuclear
materials and explore new ways for their utilization in modern and futuristic applications.
Hence, this book is going to shed light on some of the advances taking place within nuclear
science research in recent time. It is a small effort to show interesting results of some modern
nuclear science research carried out by bright scientist and research in different parts of the
world.

The book is divided into five chapters. The first one is a short introduction to explain the nature
and purpose of the book and the logic and significance of its contents. The second one is a con-
cise introduction to the core subject of nuclear science, which is nuclear reaction. The chapter

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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touches lightly on the fundamental and basic physics underlining major nuclear reactions, i.e., 
nuclear fissions. In addition, the chapter shows different generations of nuclear reactors as 
important tools to harness energy resulting from nuclear reactions. Some of these reactors are 
relatively modern and hold great potentials for future nuclear technology. The second chapter 
comes with many figures and charts along with two appendices to point out many aspects of 
nuclear fission reactions and their utilization in modern nuclear reactors.

In the third chapter, attention is to direct to another important field of nuclear science that 
is nuclear detectors. To be more precise, the third chapter addresses some recent advances 
related to the famous nuclear detector material namely CdTe. Maslyanchuk et al. [1], suggest 
that the modern detector based on CdTe materials can be developed as multielement detec-
tion platform that allows for the direct conversion of information generated by passing X/γ-
radiations through an examined object into an array of digital electrical signals without using 
an intermediate visible image on a fluorescence screen. Such an approach will facilitate real-
time visualization and sufficiently enhance image resolution. In the chapter, discussion on 
different aspects of the semiconductor nuclear detector based on CdTe material and Schottky 
effect shows progressive research into one of the modern nuclear detection devices that will 
enable developers to utilize nuclear technology in safe and practical ways [2, 3].

In the next chapter, a new study on the effect of unintended and accidental nuclear impact on 
the environment is discussed. Recently, Joji M. Otaki, from the department of chemistry, biol-
ogy, and marine science at the faculty of science of the University of Ryukyus, Japan, has inves-
tigated the multifaceted biological effects from the tragic Fukushima nuclear accident caused by 
Mother Nature. Such study may help researchers to understand the correlation nature of low-
dose exposure and field effects on the environment and may eventually lead to resolving the 
field-laboratory paradox on the environmental damage caused by the low-dose radiation. The 
study concluded that the “low-dose” exposure from the Fukushima nuclear accident imposed 
potentially non-negligible toxic effects on organisms including butterflies and humans through 
environment field effects. At the high-dose exposure, same field effects can exist, but would 
likely be masked by the acute radiation damage on the subjected environment [4].

In the last chapter, Thomas W. Grimshaw, from the University of Texas at Austin, USA, has 
composed an interesting study on the so-called cold nuclear fusion or as widely known the 
low-energy nuclear reaction (LENR). He, among others, argued that nuclear cold fusion if 
realized and understood could be a significant source of cheap and clean energy. When LENR 
was introduced to the scientific communities in early 1989, it was greatly dismissed by the 
mainstream scientists. However, as the chapter’s author mentioned, despite such rejection of 
LENR concept, the research activities on the subject are growing by the time, and the matter 
of LENR is still alive and vibrant. According to many researchers around the world, there 
is accumulating evidence on the reality of LENR phenomena. Such advances on the LENR 
subject should encourage interested communities and potential stakeholders to come up with 
policymaking and regulations to facilitate the growing research endeavors on LENR for its 
realization and harnessing its great benefits. Moreover, it is important to work on mitigating 
its secondary effects since LENR is expected to evolve into disruptive technology. Author has 
concluded that due to the recent updates, the support for LENR developments and prepara-
tions to mitigate its anticipated adverse secondary impacts is largely needed [5, 6].

New Trends in Nuclear Science2

Although the presented book does not provide a comprehensive treatment by any means to its 
topics, it is still a very constructive venue to direct readers’ attention to some of the advanced 
trends of nuclear science research. This book will definitely encourage readers, researchers, 
and scientists to look further into the frontier topics of modern nuclear science and make the 
needed efforts to develop its cause and uses.
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Abstract

A summary is described about nuclear power reactors analyses and simulations in the last
decades with emphasis in recent developments for full 3D reactor core simulations using
highly advanced computing techniques. The development of the computer code AZKIND
is presented as a practical exercise. AZKIND is based on multi-group time dependent
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1. Introduction

The mathematical models representing the nuclear reactor physics are based mainly on two
theoretical areas: neutron transport theory and neutron diffusion theory, where it is necessary to
remark that neutron diffusion theory is really a simplification of the neutron transport theory.

Numerical methods are used to solve the partial differential equations representing the nuclear
reactor physics, and these methods are derived from discretization techniques. For numerical
solutions in any scientific area, computational tools have been developed including software
and hardware. In the past, the former computer processing was the sequential execution of
computer commands, meaning to say that program tasks are carried out one after one. Modern
computational tools have been developed for parallel processing, executing several tasks
concurrently.

The computing branch dealing with the system architecture and appropriate software related to
the simultaneous execution of computer instructions and applications is known as parallel com-
puting science. Former developments in parallel computing were made in the late 1950s, follow-
ing the construction of supercomputers throughout the 1960s and 1970s. Nowadays, clusters are
the workhorse of scientific computing and are the dominant architecture in data centers.

Since the late 1950s, the performance of safety analyses was essential in the nuclear industry, in
research reactors, but mainly safety analyses of nuclear power plants for commercial purposes.
Scientific computing calculations were vital to these safety analyses, but with important limi-
tations in computer/computing capabilities. At the beginning, the objective was to give a
solution to partial differential equation models based on neutron diffusion or neutron trans-
port with technology and methods available in those years. Numerical techniques were used
first with finite differences and finite element approaches, and gradually up to now, with nodal
finite element methods (NFEMs). Despite the numerical method employed, the computer code
user faces the problem of solving extremely large algebraic systems challenging hardware/
software capabilities. Generation of results for any reactor simulation in considerable short
times is a desirable achievement for computer code users [1].

Recent developments of high-performance computer equipment and software have made the
use of supercomputing in many scientific areas possible. The appropriate selection of parallel
computing software, like newly developed linear algebra libraries, to be used in a specific
project may result in a suitable platform to simulate nuclear reactor states with relatively
prompt results.

Throughout the world, several research projects in the last decade have been developed with
the main objective of making full tridimensional (3D) coupling simulations of nuclear reactor
cores, leaving aside the obsolescence of the point kinetics theory. Most of the modern nuclear
reactor simulators are based on neutron transport theory, or on neutron diffusion theory, to
obtain detailed 3D results. As light water is used for cooling/moderating light water reactors
(LWRs), a comprehensive analysis of the reactor core physics must include thermal-hydraulic
phenomena, so that modern simulations perform reactor calculations with thermal-hydraulic
feedback coupled with neutron kinetics calculations.
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All the discussions included in this chapter are centered in a simulator for light water reactors.
The computer code AZtlan KInetics in Neutron Diffusion (AZKIND) is part of the neutronic
codes selected for their implementation in the AZTLAN Platform1 project in which neutron
transport and neutron diffusion codes are being developed in Mexico. A (TH) model has been
implemented recently and coupled with the neutronic (NK) model, and both models are based
on HPC implementations.

2. Reactor core calculation overview

Although there has been growing interest in the transport-based core neutronics analysis
methods for a more accurate calculation with high-performance computers, it is yet impracti-
cal to apply them in the real core design activities because their performance is not so practical
on ordinary desktop or server computing machines. For this reason, most of the neutronics
codes for reactor core calculations are still subject to the two-step calculation procedure, which
consists of (1) homogenized group neutron parameters generation and (2) neutron diffusion
core calculation.

In the core calculation steps that are the main concern of this work, nodal codes based on the
diffusion theory have been used to determine the neutron multiplication factor and the
corresponding core neutron flux (or power) distribution. Practically, almost all nuclear reactor
simulation codes employ the two-group approach involving only fast and thermal neutron
energy groups for the applications to light water reactors (LWR). However, numerical calcula-
tions with the two-group structure are not appropriate in the analysis of cores loaded with
mixed oxide fuels or analysis of fast breeder reactors, since the neutron spectrum is influenced
more by the core environment, requiring much more energy groups than only two groups.

As settled in Ref. [2], even using a high-performance computer, a direct core calculation with
several tens of thousands of fuel pins is difficult to perform in its heterogeneous geometry
model form, using fine groups of a prepared reactor cross-section library. The Monte Carlo
method can handle such a core calculation (see also the Serpent code), but it is not easy to
obtain enough accuracy for a local calculation or small reactivity because of accompanying
statistical errors, besides the large calculation times. Instead of using neutron transport com-
puter codes, the nuclear design calculation is performed in two steps: (1) lattice calculation in a
two-dimensional infinite arrangement of fuel rods or assemblies for the generation of homog-
enized lattices jointly with their corresponding homogenized cross-sections and (2) core calcu-
lation in a three-dimensional whole core, with a neutron diffusion code using the information
of the previous step.

As shown in Figure 1 [2], the lattice calculation prepares few-group homogenized cross
sections which maintain the energy dependence (neutron spectrum) of nuclear reactions, and
these reduce the core calculation cost in terms of time and memory. The final core design
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parameters are not concerned with continuous energy dependence, but spatial dependence,
such as power distribution, is important to avoid high local neutron fluxes or high absorbing
materials causing significant neutron flux gradients, mainly when safety analyses are performed
upon the final proposed core designs.

In the core calculations with space-dependent data (cross sections and neutron flux), the
effective cross sections are processed, with a little degradation in the accuracy as possible, by
using the results from the multi-group lattice calculation. Lattice code calculation and codes
are not discussed here.

There are two processes followed for lattice calculation. One is the homogenization to lessen
the space-dependent information and the other is group-collapsing to reduce the energy-
dependent information as shown in Figure 2. The fundamental idea of both methods is to
preserve neutron reaction rate. The next step is to consider the conservation of reaction rate in
the energy group G in the same manner as that in the homogenization.

The number of few groups depends on reactor type and computation code. Two or three
groups are adopted for the NK- and TH-coupled core calculation of LWRs and much more
groups (18, 33, etc.) are used for the core calculation of LMFRs (Liquid Metal Fast Reactors).
Currently, revised methods exist for the improvement of cross-sections generation using com-
puter codes dedicated to lattice calculation for few-groups approach, like in Ref. [3], where
three topics are involved: (1) improved treatment of neutron-multiplying scattering reactions;
(2) group constant generation in reflectors and other non-fissile regions, leading to the use of
discontinuity factors in neutron diffusion codes; and (3) homogenization in leakage-corrected
criticality spectrum, in which several leakage corrections are used to attain criticality, account-
ing for the non-physical infinite-lattice approximation. Another improvement was done in
Monte Carlo codes [4], implementing reliable multi-group cross-sections calculations for col-
lapsed flux spectrum. Ref. [4] focuses on calculating scattering cross sections, including the
group-to-group scattering.

The following sections contain, as a matter of example, summarized explanations of the AZKIND
nuclear reactor simulator in which the reactor physics is based on neutron diffusion theory.

Figure 1. Typical lattice calculation process flow for light water reactors [2].
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3. Neutron diffusion theory and nodal methods

3.1. Multi-group time-dependent neutron diffusion equations

For G neutron energy groups and Ip delayed neutron precursor concentrations, the neutron
diffusion kinetics equations are given by Eqs. (1) and (2) [5]. Although there has been a
growing interest in the transport-based core neutronics analysis methods for more accurate
calculation with high-performance computers, it is yet impractical to apply them in the real
core design activities because their performance is not so practical on ordinary desktop or
server computing machines. For this reason, most of the neutronics codes for reactor core
calculations are still subject to the two-step calculation procedure, which consists of homoge-
nized group neutron parameter generation and neutron diffusion core calculation
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In addition to boundary conditions for neutron fluxes, initial conditions must be satisfied by
neutron fluxes and neutron precursor functions. Parameters involved in the above equations
are described in [5].

Figure 2. Homogenization and group collapsing of cross sections [2].
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3.2. Spatial discretization

The spatial discretization of Eqs. (1) and (2) is strongly connected with the discretization of a
nuclear reactor core of volume Ω. Representing the neutron flux and the precursor concentra-
tions in terms of base functions defined over Ω, it is possible to write

ϕg r!; t
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�
XNf

k¼1
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ϕg
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� �
∈Ω� 0;Tð �; (4)

where Nf and Np are the number of unknowns to be determined for neutron flux and delayed
neutron precursors, respectively. Substituting expressions (3) and (4) into (1) and (2), and
applying the Galerkin process for spatial discretization, as described in [6], the resulting
algebraic system of equations can be expressed in a matrix notation as follows:
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Table 1. Matrix elements from the spatial discretization.
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3.3. NFE method in spatial discretization

As fully explained in [6] and summarized in [1], a simple NFE element is characterized by the
fact that for each node, the function unknowns to be determined are the (00) Legendre moment
(average) of the unknown function over each face of the node and the (000) Legendre moment
over the node volume. Figure 3(a) shows a physical domain Ω graphically represented after
generating an xyz mesh. Figure 3(b) shows a cuboid-type node with directions through the
faces: (x) Right, Left; (y) Near, Far; (z) Top, Bottom; and C for the average of the function over
the node volume. Taking into consideration the general form to build up nodal schemes [7], the
moments of a function (at edges and body) over a node like the one shown in Figure 3(b) can
be written for the NFE method RTN-0 (Raviart-Thomas-Nédélec).

In the NFE method RTN-0, the normalized zero-order Legendre polynomials defined over the
unit cell Ωijk = [�1,+1] � [�1,+1] � [�1,+1] and correlated to each physical cell Ωe = Ωijk =
[xi,xi + 1]� [yj,yj + 1]� [zk,zk + 1] are used to calculate the elements of the matrices in Eqs. (5) and (6).

The matrix elements are quantified introducing the following nodal basis functions [7]:
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Figure 3. Discretization of reactor volume Ω and a local node Ωe. (a) Domain Ω. (b) Physical local node Ωe.
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applying the Galerkin process for spatial discretization, as described in [6], the resulting
algebraic system of equations can be expressed in a matrix notation as follows:

1
vg

Mf
d
dt
ϕg tð Þ ¼ �Kgϕg tð Þ �

XG
g0¼1

Sg
0!gϕg0 tð Þ

þ 1� β
� �

χg
XG
g0¼1

Fgg0 tð Þϕg0 tð Þ þ
XIp

i¼1

Hgi tð ÞCi tð Þ, g ¼ 1,…, G;

(5)

Mp
d
dt
Ci tð Þ ¼

XG
g0¼1

Pig0 tð Þϕg0 tð Þ � λiMpCi tð Þ, i ¼ 1,…, Ip; ∀ r!; t
� �

∈Ω� 0;Tð �; (6)

where ϕg tð Þ ¼ ϕg
1 tð Þ;…;ϕg

Nf
tð Þ

h iT
and Ci tð Þ ¼ C1

i tð Þ;…;CNp

i tð Þ
h iT

: Table 1 contains the expres-

sions representing the calculation of each matrix coefficient.

Matrix Type Dimension Elements

Mf Mass Nf � Nf mf , jk ¼
Ð
Ωujukd r!

Mp Mass Np � Np mp, lm ¼ ÐΩvlvmd r!

Kg Stiffness Nf � Nf kgjk ¼
Ð
ΩD

g∇uj ∙∇ukd r!

Sg
0!g Mass Nf � Nf sg

0!g
jk ¼ ÐΩ

Pg0!g
s ujukd r!

Fgg0 Mass Nf � Nf f gg
0

jk ¼ χg
Ð
Ων

g0 Pg0

f ujukd r!

Hgi Mass Nf � Np hgijm ¼ λiχg
Ð
Ωvjumd r!

Pig0 Mass Np � Nf pig
0

lk ¼ βi

Ð
Ων

g0 Pg0

f ulvkd r!

Table 1. Matrix elements from the spatial discretization.
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3.3. NFE method in spatial discretization

As fully explained in [6] and summarized in [1], a simple NFE element is characterized by the
fact that for each node, the function unknowns to be determined are the (00) Legendre moment
(average) of the unknown function over each face of the node and the (000) Legendre moment
over the node volume. Figure 3(a) shows a physical domain Ω graphically represented after
generating an xyz mesh. Figure 3(b) shows a cuboid-type node with directions through the
faces: (x) Right, Left; (y) Near, Far; (z) Top, Bottom; and C for the average of the function over
the node volume. Taking into consideration the general form to build up nodal schemes [7], the
moments of a function (at edges and body) over a node like the one shown in Figure 3(b) can
be written for the NFE method RTN-0 (Raviart-Thomas-Nédélec).

In the NFE method RTN-0, the normalized zero-order Legendre polynomials defined over the
unit cell Ωijk = [�1,+1] � [�1,+1] � [�1,+1] and correlated to each physical cell Ωe = Ωijk =
[xi,xi + 1]� [yj,yj + 1]� [zk,zk + 1] are used to calculate the elements of the matrices in Eqs. (5) and (6).

The matrix elements are quantified introducing the following nodal basis functions [7]:

u00
L x; y; z
� � ¼ � 1

2
P100 � P200ð Þ;u00

R x; y; z
� � ¼ þ 1

2
P100 þ P200ð Þ;

u00
N x; y; z
� � ¼ � 1

2
P010 � P020ð Þ;u00

F x; y; z
� � ¼ þ 1

2
P010 þ P020ð Þ; (7)

u00
B x; y; z
� � ¼ � 1

2
P001 � P002ð Þ;u00

T x; y; z
� � ¼ þ 1

2
P001 þ P002ð Þ;

u000
C x; y; z
� � ¼ P000 � P200 � P020 � P002;

where Plpq x; y; zð Þ ¼ Pl xð ÞPp yð ÞPq zð Þ.

Figure 3. Discretization of reactor volume Ω and a local node Ωe. (a) Domain Ω. (b) Physical local node Ωe.
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An extensive discussion on nodal diffusion methods can be found in Ref. [7] for space
discretization using simplification approaches for calculating the moments over a node.

3.4. Discretization of the time variable

Once the spatial discretization is done, the θ-method can be applied [6] for the discretization of
the time variable appearing in the algebraic system given by (5) and (6). For the time integra-
tion over the interval (0, T], this interval is divided in L time-steps [tl, tl + 1], and the following
approach is assumed:

ðtlþ1

tl
f tð Þdt ffi hl θf lþ1 þ 1� θð Þf l

� �
(8)

where hl ¼ tlþ1 � tl, f l ¼ f tlð Þ, f lþ1 ¼ f tlþ1ð Þ, and θ is the time integration parameter.

For time integration, parameters θf and θp for neutron flux and delayed neutron precursors are
considered with values in the interval [0, 1], giving different time integration schemes [6].

Once the formulation to be used for time integration is established, the NfG + NpI system of
equations that was spatially discretized, Eqs. (5) and (6) are discretized over the interval (0,T].
Integrating the referred equations over the time interval [tl, tl + 1] using approximation (8), the
following set of equations is generated:

Alþ1Φlþ1 ¼ Ql; l ¼ 0, 1, 2,…, ; (9)

Φlþ1 ¼ ϕ1
lþ1;…;ϕG

lþ1

� �T
; Ql ¼ S1f , l;…; SGf , l

h iT
;

For a known vector Φl the algebraic system (9) is solved for the neutron fluxes Φlþ1. Therefore,
the computing process requires an initial flux vector for the first time step, which is used in (9)
to determine new neutron fluxes at the end of the time step, thus using these neutron fluxes to
calculate a new delayed neutron precursor concentration vector. This process is sequentially
performed for each time step over the total time interval (0,T].

4. Reactor power distribution

Once the computer model to solve the reactor kinetics Eqs. (1) and (2) is able to provide the
neutron flux profile, the next objective is to know the power distribution in the reactor config-
uration. It is necessary to be aware that the neutron flux is by itself the shape of the power
distribution in multiplicative materials. The numerical methods presented in previous sections
to solve Eq. (9) produce an algorithm capable to obtain the neutron flux profile for a reactor
steady state. The calculated neutron flux has the following property over the domain Ω:
ϕ
�� �� ¼ 1. To determine the real average neutron flux in the reactor core, ϕc, it is necessary to
specify the magnitude of the fluxes. For instance, a flux normalization factor ϕnorm can be

introduced such that ϕc ¼ ϕnormϕ
neutrons
cm2 ∙seg

h i
:
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Theoretically, it would be best to determine the flux level which resulted in a critical reactor
eigenvalue λ0 ¼ 1ð Þ. This could be accomplished by coupling of the NK model with the TH
model of the whole reactor. In practice, however, the scaling factor ϕnorm is determined such
that the total generated thermal power corresponds to some user-specified value Pth,tot. Before
showing how this is done, the relation between the fluxes and the generated thermal power is
described. For a given discretization of the xy-plane with pieces of area Δa = Δx�Δy, the thermal
power Pth,tot can be expressed as follows:

Pth, tot ¼
X
Δa

ðzt

zb

q000f zð Þda � dz, dV ¼ da � dz; (10)

where q000f is the volumetric heat generation rate in the fuel in units of [W/cm3], dV is a

differential fuel volume, and the limits zb and zt refer to the coordinates of the bottom and top
of the reactor core, respectively. For a given area Δa, the volumetric heat generation rate q000f zð Þ
in an elevation z may be written in terms of the fluxes as

q000f zð Þ ¼ ϕnormEfiss

XG
g0¼1

Σg0

f zð Þϕg0 zð Þ; (11)

where ϕnorm is a dimensionless factor, Efiss is the energy released by a nuclear fission reaction in
[MeV/fission], and the sum over g0 is the volumetric fission rate in [fissions/(cm3∙s)]. Thus,
Eq. (10) is written as

Pth, tot ¼ ϕnormEfiss

X
Δa

ðzt

zb

XG
g0¼1

Σg0

f zð Þϕg0 zð Þda � dz: (12)

In a more general way, for a reactor volume V composed by the union of sub-volumes Ve (see
Figure 3), the total thermal power can be expressed as

Pth, tot ¼ ϕnormEfiss

XNe

e¼1

XG
g0¼1

Σg0

f , eϕ
g0
e Ve: (13)

Therefore, using the reference total thermal power specified by the code user, the flux normal-
ization factor can be written as

ϕnorm ¼ Pth, tot
XNe

e¼1

XG
g0¼1

κg0

f , eϕ
g0
e Ve

2
4

3
5
�1

; (14)

where the factors “kappa-fission” are κg0

f , e ¼ EfissΣ
g0

f , e: With the flux normalization factor ϕnorm

calculated as above, the actual thermal power distributions in the reactor core can be calculated
using the current neutron flux in the reactor core ϕe

c ¼ ϕnormϕ
e. Nevertheless, it is necessary to

introduce the value of Efiss. This value is used as an average energy released of �200 MeV
(i.e.,), based on the energies released by the fission of the U235 nuclei [8].
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An extensive discussion on nodal diffusion methods can be found in Ref. [7] for space
discretization using simplification approaches for calculating the moments over a node.
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where hl ¼ tlþ1 � tl, f l ¼ f tlð Þ, f lþ1 ¼ f tlþ1ð Þ, and θ is the time integration parameter.

For time integration, parameters θf and θp for neutron flux and delayed neutron precursors are
considered with values in the interval [0, 1], giving different time integration schemes [6].

Once the formulation to be used for time integration is established, the NfG + NpI system of
equations that was spatially discretized, Eqs. (5) and (6) are discretized over the interval (0,T].
Integrating the referred equations over the time interval [tl, tl + 1] using approximation (8), the
following set of equations is generated:
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;

For a known vector Φl the algebraic system (9) is solved for the neutron fluxes Φlþ1. Therefore,
the computing process requires an initial flux vector for the first time step, which is used in (9)
to determine new neutron fluxes at the end of the time step, thus using these neutron fluxes to
calculate a new delayed neutron precursor concentration vector. This process is sequentially
performed for each time step over the total time interval (0,T].

4. Reactor power distribution

Once the computer model to solve the reactor kinetics Eqs. (1) and (2) is able to provide the
neutron flux profile, the next objective is to know the power distribution in the reactor config-
uration. It is necessary to be aware that the neutron flux is by itself the shape of the power
distribution in multiplicative materials. The numerical methods presented in previous sections
to solve Eq. (9) produce an algorithm capable to obtain the neutron flux profile for a reactor
steady state. The calculated neutron flux has the following property over the domain Ω:
ϕ
�� �� ¼ 1. To determine the real average neutron flux in the reactor core, ϕc, it is necessary to
specify the magnitude of the fluxes. For instance, a flux normalization factor ϕnorm can be

introduced such that ϕc ¼ ϕnormϕ
neutrons
cm2 ∙seg

h i
:
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Theoretically, it would be best to determine the flux level which resulted in a critical reactor
eigenvalue λ0 ¼ 1ð Þ. This could be accomplished by coupling of the NK model with the TH
model of the whole reactor. In practice, however, the scaling factor ϕnorm is determined such
that the total generated thermal power corresponds to some user-specified value Pth,tot. Before
showing how this is done, the relation between the fluxes and the generated thermal power is
described. For a given discretization of the xy-plane with pieces of area Δa = Δx�Δy, the thermal
power Pth,tot can be expressed as follows:

Pth, tot ¼
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q000f zð Þda � dz, dV ¼ da � dz; (10)

where q000f is the volumetric heat generation rate in the fuel in units of [W/cm3], dV is a

differential fuel volume, and the limits zb and zt refer to the coordinates of the bottom and top
of the reactor core, respectively. For a given area Δa, the volumetric heat generation rate q000f zð Þ
in an elevation z may be written in terms of the fluxes as

q000f zð Þ ¼ ϕnormEfiss
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f zð Þϕg0 zð Þ; (11)

where ϕnorm is a dimensionless factor, Efiss is the energy released by a nuclear fission reaction in
[MeV/fission], and the sum over g0 is the volumetric fission rate in [fissions/(cm3∙s)]. Thus,
Eq. (10) is written as

Pth, tot ¼ ϕnormEfiss
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In a more general way, for a reactor volume V composed by the union of sub-volumes Ve (see
Figure 3), the total thermal power can be expressed as

Pth, tot ¼ ϕnormEfiss

XNe

e¼1
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Therefore, using the reference total thermal power specified by the code user, the flux normal-
ization factor can be written as

ϕnorm ¼ Pth, tot
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where the factors “kappa-fission” are κg0

f , e ¼ EfissΣ
g0

f , e: With the flux normalization factor ϕnorm

calculated as above, the actual thermal power distributions in the reactor core can be calculated
using the current neutron flux in the reactor core ϕe

c ¼ ϕnormϕ
e. Nevertheless, it is necessary to

introduce the value of Efiss. This value is used as an average energy released of �200 MeV
(i.e.,), based on the energies released by the fission of the U235 nuclei [8].

Nuclear Reactor Simulation
http://dx.doi.org/10.5772/intechopen.79723

13



In summary, once the NK model is used to generate the neutron flux distribution in the reactor
core, expression (12) can be used to calculate the thermal power being generated along all
the nodes in a thermal-hydraulic channel of area Δa and height H. This thermal power can be
the axial power profile needed by the TH model to produce the thermal-hydraulic state
corresponding to the generated thermal power.

5. Neutronic and thermal-hydraulic coupling model (NK-TH)

The description contained in this section is based on a work published by Ceceñas in Ref. [9]
about a TH model developed for boiling water reactors. The TH model was modified from a
point kinetics approach with an extension of the NK model to 3D and implemented in the
development of AZKIND.

The treatment of neutron kinetics in [9] has been improved by coupling a 3D solution of the
neutron diffusion equations with an arrangement of TH channels in parallel. Each channel
independently contemplates three regions: (1) one phase, (2) subcooled boiling, and (3) bulk
boiling. The objective was to implement a detailed model of a nuclear reactor core, which is
somehow perturbed to simulate NK-TH coupling. These perturbations are obtained when the
power generated in a group of channels changes and thus affecting the TH state of each channel.

The original [9] TH model is based on a generic channel, which is adapted by transferring to it
the operational data as flow area, generated power, axial power profile, and subcooling,
among other parameters. Each channel is associated with a number of nuclear fuel assemblies
and an axial power profile. Although the neutron model is a two-dimensional model for the
radial power profile in each z-plane covering all the channels, information related to the axial
power distribution is considered for each individual channel. In Ref. [9], it is assumed that this
steady-state axial power profile is invariant over time, and it is used to weight the axial
averages of macroscopic cross sections and void fractions. To perform the numerical imple-
mentation of the model, the arrangement of channels is obtained by grouping the total core
assemblies into an appropriate number of thermal-hydraulic channels, which gives a definition
of a set of channels per quadrant.

For the implementation in AZKIND of the TH model of Ceceñas, the grouping of fuel assem-
blies was maintained for generating a reduced number of TH channels; operational data are
also used. The main difference is that the NK model recursively computes the axial power
profile for each channel, and this thermal power is the updated source of power for TH model.
Therefore, a “new” thermal-hydraulic condition is generated, and it is used by the NEMTAB
model to update the nuclear data to generate new thermal power profiles with the NK model.
The process is iterative, and it stops when the convergence is met. Convergence is achieved
when updated conditions do not change in both NK and TH models.

The NK-TH coupling in AZKIND performs core calculations as described above to obtain a
steady-state reactor core condition. For transient conditions in a time interval T, the NK-TH
coupling process is the same for each time step ΔT in T, that is, a different quasi-steady-state
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condition for each successive ΔT. Achieving converge for each ΔTwith respective reactor core
conditions means to produce a time-dependent behavior of the reactor condition over the total
time interval T.

The TH model comprises the solution of the mass, momentum, and energy conservation
equations in the three regions contemplated by the channel: (1) one phase, (2) subcooled
boiling, and (3) bulk boiling. The system receives heat through a non-uniform source whose
profile is axially defined plane by plane. This axial use of the power profile allows the inclusion
of a wide range of axial profiles, from relatively flat to profiles with their peak value at some
axial point in each channel in the core.

In the following subsections, there are several expressions for which the corresponding param-
eters are defined in Refs. [10, 11].

5.1. Heat transfer in the fuel

The heat transfer and temperature distribution in the fuel and cladding can be calculated by a
simple model where the heat diffusion equation is solved in one dimension (radial) for a fuel
rod, since the conduction in axial direction is small compared to the radial one, it can be
neglected. An energy balance per unit length yields

mf cpf
dTf

dt
¼ q0 tð Þ � 1

R0
g

Tf tð Þ � Tc tð Þ� �
(15)

mccpc
dTc

dt
¼ 1

R0
g

Tf tð Þ � Tc tð Þ� �� 1
R0
c
Tc tð Þ � Tm tð Þ� �

(16)

where R0
g and R0

c represent thermal resistances per unit length. The coefficient of heat transfer

to the refrigerant fluid is calculated by the Dittus-Boelter or Chen correlation, depending on
the type of flow, which can be in one or two phases. These equations are used for the radial
averaging of the temperatures in the fuel rod.

5.2. Reactor coolant dynamics

The conservation equations of mass, energy, and momentum are applied in this case to a flow
of water along a vertical channel, where the dynamics of the fluid heated by the wall of the fuel
is modeled. Conservation equations can be expressed as [10]

∂rm
∂t

þ ∂Gm

∂z
¼ 0 (17)

∂Gm

∂t
þ ∂
∂z

G2
m

rþm

� �
¼ � ∂p

∂z
� fGm Gmj j

2Derm
� rmgcosθ (18)

rm
∂hm
∂t

þ Gm
∂hm
∂z

¼ q
0 0
Ph

Az
þ ∂p

∂t
þ Gm

rm

∂p
∂z

þ fGm Gmj j
2Derm

� �
(19)
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In summary, once the NK model is used to generate the neutron flux distribution in the reactor
core, expression (12) can be used to calculate the thermal power being generated along all
the nodes in a thermal-hydraulic channel of area Δa and height H. This thermal power can be
the axial power profile needed by the TH model to produce the thermal-hydraulic state
corresponding to the generated thermal power.

5. Neutronic and thermal-hydraulic coupling model (NK-TH)

The description contained in this section is based on a work published by Ceceñas in Ref. [9]
about a TH model developed for boiling water reactors. The TH model was modified from a
point kinetics approach with an extension of the NK model to 3D and implemented in the
development of AZKIND.

The treatment of neutron kinetics in [9] has been improved by coupling a 3D solution of the
neutron diffusion equations with an arrangement of TH channels in parallel. Each channel
independently contemplates three regions: (1) one phase, (2) subcooled boiling, and (3) bulk
boiling. The objective was to implement a detailed model of a nuclear reactor core, which is
somehow perturbed to simulate NK-TH coupling. These perturbations are obtained when the
power generated in a group of channels changes and thus affecting the TH state of each channel.

The original [9] TH model is based on a generic channel, which is adapted by transferring to it
the operational data as flow area, generated power, axial power profile, and subcooling,
among other parameters. Each channel is associated with a number of nuclear fuel assemblies
and an axial power profile. Although the neutron model is a two-dimensional model for the
radial power profile in each z-plane covering all the channels, information related to the axial
power distribution is considered for each individual channel. In Ref. [9], it is assumed that this
steady-state axial power profile is invariant over time, and it is used to weight the axial
averages of macroscopic cross sections and void fractions. To perform the numerical imple-
mentation of the model, the arrangement of channels is obtained by grouping the total core
assemblies into an appropriate number of thermal-hydraulic channels, which gives a definition
of a set of channels per quadrant.

For the implementation in AZKIND of the TH model of Ceceñas, the grouping of fuel assem-
blies was maintained for generating a reduced number of TH channels; operational data are
also used. The main difference is that the NK model recursively computes the axial power
profile for each channel, and this thermal power is the updated source of power for TH model.
Therefore, a “new” thermal-hydraulic condition is generated, and it is used by the NEMTAB
model to update the nuclear data to generate new thermal power profiles with the NK model.
The process is iterative, and it stops when the convergence is met. Convergence is achieved
when updated conditions do not change in both NK and TH models.

The NK-TH coupling in AZKIND performs core calculations as described above to obtain a
steady-state reactor core condition. For transient conditions in a time interval T, the NK-TH
coupling process is the same for each time step ΔT in T, that is, a different quasi-steady-state
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condition for each successive ΔT. Achieving converge for each ΔTwith respective reactor core
conditions means to produce a time-dependent behavior of the reactor condition over the total
time interval T.

The TH model comprises the solution of the mass, momentum, and energy conservation
equations in the three regions contemplated by the channel: (1) one phase, (2) subcooled
boiling, and (3) bulk boiling. The system receives heat through a non-uniform source whose
profile is axially defined plane by plane. This axial use of the power profile allows the inclusion
of a wide range of axial profiles, from relatively flat to profiles with their peak value at some
axial point in each channel in the core.

In the following subsections, there are several expressions for which the corresponding param-
eters are defined in Refs. [10, 11].

5.1. Heat transfer in the fuel

The heat transfer and temperature distribution in the fuel and cladding can be calculated by a
simple model where the heat diffusion equation is solved in one dimension (radial) for a fuel
rod, since the conduction in axial direction is small compared to the radial one, it can be
neglected. An energy balance per unit length yields

mf cpf
dTf

dt
¼ q0 tð Þ � 1

R0
g

Tf tð Þ � Tc tð Þ� �
(15)

mccpc
dTc

dt
¼ 1

R0
g

Tf tð Þ � Tc tð Þ� �� 1
R0
c
Tc tð Þ � Tm tð Þ� �

(16)

where R0
g and R0

c represent thermal resistances per unit length. The coefficient of heat transfer

to the refrigerant fluid is calculated by the Dittus-Boelter or Chen correlation, depending on
the type of flow, which can be in one or two phases. These equations are used for the radial
averaging of the temperatures in the fuel rod.

5.2. Reactor coolant dynamics

The conservation equations of mass, energy, and momentum are applied in this case to a flow
of water along a vertical channel, where the dynamics of the fluid heated by the wall of the fuel
is modeled. Conservation equations can be expressed as [10]

∂rm
∂t

þ ∂Gm

∂z
¼ 0 (17)

∂Gm

∂t
þ ∂
∂z

G2
m

rþm

� �
¼ � ∂p

∂z
� fGm Gmj j

2Derm
� rmgcosθ (18)

rm
∂hm
∂t

þ Gm
∂hm
∂z

¼ q
0 0
Ph
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þ ∂p

∂t
þ Gm

rm

∂p
∂z

þ fGm Gmj j
2Derm

� �
(19)
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In this work, the conservation equations are solved by the Integral Moment method [11],
according to which it is assumed that the refrigerant is incompressible but thermally expand-
able, and the density is a function of enthalpy at a constant pressure

∂rm
∂t

¼ ∂rm
∂hm

����
p

∂hm
∂t

þ ∂rm
∂p

����
hm

∂p
∂t

¼ Rh
∂hm
∂t

þ Rp
∂p
∂t

(20)

Neglecting terms related to pressure changes and wall friction forces, the energy equation is
simplified as

rm
∂hm

∂t
þGm

∂hm

∂z
¼ q

0 0
Ph

Az
(21)

where the axial flow variation can be obtained by

∂Gm

∂z
¼ �Rh

rm

q
0 0
Ph

Az
�Gm

∂hm

∂z

� �
(22)

This equation provides the flow variations with respect to an average value imposed as a
boundary value or provided by the dynamics of the coolant recirculation system. Three
regions are defined by which the coolant circulates as it ascends into the channel: a one-phase
region, a subcooled boiling region, and a bulk boiling region. The first region begins at the
bottom of the channel, where the coolant enters with known enthalpy and ends at the point of
separation of the bubbles Zsc. The bulk temperature at this point is obtained by the Saha and
Zuber correlation. The subcooled boiling region ends when the bulk temperature reaches the
saturation temperature, and its axial location is determined by an energy balance. The
enthalpy distribution allows the calculation of the thermodynamic equilibrium quality, used
to calculate the flow quality. The axial distribution of the void fractions is calculated by
iteratively solving the equation for void fraction α and the Bankoff correlation slip (S):

α ¼ x

S
rg
rf

� �
þ x 1� S

rg
rf

� �� � , S ¼ 1� α
ks � αþ 1� ksð Þαr , (23)

where, in this case, the parameters ks and r are functions of the system pressure:

ks = 0.71 + 1.2865 � 10�3p, and, r = 3.33 � 2.56021 � 10�3p + 9.306 � 10�5p2.

The total pressure drop in the channel is made up of the contributions of each region. Every
term in each region includes the contribution by acceleration, gravity, and friction. For the
channel arrangement, the steady state is obtained by iterating the coolant flow rate of each
channel to obtain the same pressure drop for all of them. This iteration consists of a correction
to the flow defined by the deviation of the pressure drop of the channel with respect to the
average of all the channels:
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where Gi is the flow rate for channel i, the index k represents the number of the iteration, w is
an arbitrary weight to control the convergence, and P is the average pressure drop of all
channels at iteration k, obtained as

P
k ¼ 1

N

XN
1¼1

Pk
i (25)

It is observed that even though the pressures are equaled, the value of the pressure drop in the
core is not imposed as a boundary condition. Convergence is achieved when the following

relationship is met:
PN

i¼1 P
k � Pk

i

���
��� < ε . By changing the flow rate of the channel for each

iteration, the enthalpy and void fraction profiles are affected. It is necessary to recalculate the
TH solution at each iteration for all channels, achieving convergence when every parameter
involved in the thermal-hydraulic calculation remains unchanged.

5.3. Neutron kinetics: thermal-hydraulics (NK-TH) coupling model

Although reference [12] has important issues to be considered in the development of an NK-
TH-coupled model, those issues are not repeated here, but taken into account. The most direct
way of coupling NK module and TH module, as implemented in AZKIND, consists simply in
that axially both NK mesh and TH mesh have the same partition, making possible to assign an
NK node at position z to the TH node in the same position. This relationship is a one-to-one
node correspondence.

As it can be seen in Figure 4, before initiating the NK-TH feedback process, the initial nuclear
parameters and kinetics parameter (XS) are loaded from files constructed in NEMTAB format,
previously generated by means of a lattice code. Then, following the reading of the nuclear
reactor burn-up state and thermo-physics initial conditions, the XS parameters are obtained
from the Nemtab multi-dimensional tables by means of interpolation calculations.

The process continues as follows. The corresponding neutron flux is calculated in the NK
module with the mgcs numerical solver, and this power (initial neutron flux) is the heat source
to be assigned to the TH model. The axial power profile can be that of each fuel assembly
assigned to a unique TH channel or the power profile of a set of fuel assemblies assigned to a
TH channel. The axial power profile is the heat source for each node in the z-direction. Once
the axial power profiles have been constructed in the TH module, an initial thermal-hydraulic
state of the reactor system is calculated. The thermal-hydraulic state is calculated for each node
in the TH channels from the bottom to the top of the reactor core.

The important variables sent to the NK module are the fuel temperature (Tf), moderator
temperature (Tm), and moderator density (Dens). The XS parameters are updated using these
3D variables for interpolation in the NEMTAB tables. The next step is to calculate new 3D
power profiles to be sent to the TH module. This cyclic NK-TH calculation continues and stops
when the TH criterion and neutron-flux criterion are met. Stopping the cyclic calculation
means that the reactor power and thermal-hydraulic conditions have reached a steady state.
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In this work, the conservation equations are solved by the Integral Moment method [11],
according to which it is assumed that the refrigerant is incompressible but thermally expand-
able, and the density is a function of enthalpy at a constant pressure
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Neglecting terms related to pressure changes and wall friction forces, the energy equation is
simplified as
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where the axial flow variation can be obtained by
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This equation provides the flow variations with respect to an average value imposed as a
boundary value or provided by the dynamics of the coolant recirculation system. Three
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The process continues as follows. The corresponding neutron flux is calculated in the NK
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6. High-performance computing in AZKIND

6.1. PARALUTION linear algebra library

HPC was implemented in AZKIND with the support of the linear algebra solvers library
PARALUTION [13]. This open-source library is optimized for parallel computing process
using graphics processing units (GPUs). For the numerical solution of an algebraic system

A v!¼b
!
PARALUTION includes numerical solvers to obtain the solution vector v! for a known

vector b
!
and a specific matrix A that can be a symmetric or a non-symmetric matrix being also

a sparse or a dense matrix. The working matrices in AZKIND are sparse non-symmetric
matrices, and the bicgstab solver [14] was used for reactor simulations. The matrix solvers in
PARALUTION are optimized to use on the non-zero (nnz) elements in the working matrices,
saving processing time and computer memory.

6.2. Parallel processing for neutronic model

To demonstrate the HPC implementation in AZKIND, as described in Ref. [1], very large
matrices were constructed for fine spatial discretization of arrangements of nuclear fuel

Figure 4. The NK-TH feedback process in AZKIND.
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assemblies of an LWR. Fine discretization means that each fuel assembly was subdivided in a
mesh of size 10 � 10. As an example, an arrangement of 6 � 6 fuel assemblies consists of a
square with 36 fine-discretized fuel assemblies. The corresponding algebraic system for each
fuel arrangement was solved with parallel processing performed by the bicgstab solver men-
tioned earlier. In Tables 2 and 3, the speedup of the different cases is shown [1] with a
remarkable performance. Despite the speedup for small matrices that is comparable for the
three computer architectures used, it is also important to notice that the speedup values listed
in Table 3 do not present a linear behavior, and the reason is because although more GPU
processor cores are used with massive data transference to and from the GPU, a data traffic
delay is present in the communication bus between the GPU and the CPU. For the analysis of
the computing acceleration or “speedup,” a definition of speedup is used in [15], known as
relative speedup or speedup ratio: S = T1/Tn, where T1 is the computing time using a single
processor (serial calculation) and Tn is the computing time using n processor cores. The “no
memory” insert listed in Table 2 is because for those large matrix dimensions, there is not
enough memory to load the matrix and solvers.

Figure 5 [1] shows the distribution of nuclear fuel assemblies in the core of a boiling water
reactor. Excepting the blue-shaded zone, colors are for different types of fuel assemblies. In the
plane xy, the mesh is 24 � 24, according to each fuel zone, and axially, there are 25 nodes. The
matrix for this coarse mesh (1,274,304 nnz) is comparable to the matrix of the fine mesh created
for the case of a unique assembly (case 1 � 1 listed in Table 2).

As described in [1], a reactor power transient was simulated as the capability to remove
neutrons was highly increased in the perturbed assembly shown in Figure 5. An increase as

Assemblies array:
Matrix dimension (n):
nnz elements:

1 � 1
126,200
1,332,400

2 � 2
492,800
5,305,600

4 � 4
1,947,200
21,174,400

6 � 6
4,363,200
47,606,400

10 � 10
12,080,000
132,160,000

Serial 24 124 372 994 2471

GTX 860 M 2.1 7.9 31.3 No memory No memory

Tesla K20c 1.3 4.0 16.6 40.1 No memory

GTX TITAN X 1.0 2.6 10.4 26.7 95.4

Table 2. Parallel processing time (seconds) in different architectures [1].

Assemblies 1 � 1 2 � 2 4 � 4 6 � 6 10 � 10

GTX 860 M 11 16 12 – –

Tesla K20c 18 31 22 24 –

GTX TITAN X 24 48 36 37 26

Table 3. Speedup comparison (S) [1].
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step function in the neutrons removal capability during 3 s is implemented in the perturbed
assembly, after that the perturbation finishes and the transient lasts for two more seconds,
giving a reactor power reduction. The time step used in this simulation was 0.1 s. Figure 6
shows the power behavior over time, departing from a normalized value of 1.0 and reducing
the power reactor to almost 80% of its original value. This reactor power transient was
simulated with the AZKIND code, running on the three different GPUs listed in Tables 2 and
3. The right side of Figure 6 shows the time spent by AZKIND in a logarithmic scale, running
in a sequential mode (Serial bar) and the times spent by each GPU card.

Figure 5. A map of fuel assemblies in an LWR [1].

Figure 6. Simulation of a reactor power transient—serial and parallel processing.
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7. Simulation of a reactor core condition

A simple example was prepared to show the capability of the AZKIND code running with NK-
TH coupling, and the thermal-hydraulic effect on power distribution is compared to the power
distribution resulted from the NK model running standalone.

This example was prepared for a two energy group, that is, fast neutrons and thermal neu-
trons. In LWR, the nuclear fissions of the fuel atoms are mainly coming from the thermal
neutrons present in the reactor core. The effect observed in Figure 7 is that the TH feedback
induces an increase in the thermal neutrons population and so increasing power. As the
coolant/moderator enters the reactor core through the bottom part of the reactor and the core

Figure 7. Axial power peaking profile location.
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is beginning the production cycle, the core design allows more power generation in the first
third of the core active fuel. Also, as it was expected, in the map of fuel assemblies of the
reactor core, the location of the fuel assembly with the highest generation of thermal power
remained unchanged with the insertion of TH feedback.

8. Some advances on nuclear reactor simulation

In the last two decades, there have been significant advances in the development of nuclear
reactor codes for 3D simulation with coupling NK-TH, supported with new modeling tech-
niques and modern computing capabilities in software and hardware. Some examples of these
advances are listed subsequently:

1. DYNSUB: Pin-based coupling of the simplified transport (SP3) version of DYN3D with the
sub-channel code SUBCHANFLOW. See [16, 17]. The new coupled code system allows for a
more realistic description of the core behavior under steady state and transient conditions.
DYNSUB has successfully been applied to analyze the behavior of one eight of a PWR core
during an REA transient by a pin-by-pin simulation consisting of a huge number of nodes.
Some insights are pointed out on the convergence process with a detailed coupling solution
modeling neighbor sub-channels and modeling adjacent assembly channels.

2. DYN3D: The code comprises various 3D neutron kinetics solvers, a thermal-hydraulics
reactor core model, and a thermo-mechanical fuel rod model, see [18]. The following topics
are delineated in the reference: the latest developments of models and methods, a status of
verification and validation; code applications for selected safety analyses; multi-physics
code couplings to thermal-hydraulic system codes, CFD, and sub-channel codes as well as
to the fuel performance code TRANSURANUS.

3. TRACE/PARCS: See [19]. The study of the coupling capability of the TRACE and PARCS
codes by analyzing the “Main Steam Line Break (MSLB) benchmark problem,” consisting
of a double-ended MSLB accident assumed to occur in the Babcock and Wilcox Three Mile
Island Unit 1. The model TRACE/PARCS generated data showing that these codes have
the capability to predict expected phenomena typical of this transient and the related NK-
TH feedback.

4. COBAYA3: See [20]. This reference describes a multi-physics system of codes including the
3D multi-group neutron diffusion codes, ANDES and COBAYA3-PBP, coupled with the
sub-channel thermal-hydraulic codes COBRA-TF, COBRA-IIIc, and SUBCHANFLOW, for
the simulation of LWR core transients. Implementation of the PARALUTION library to
solve sparse systems of linear equations was done. It features several types of iterative
solvers and preconditioners which can run on both multi-core CPUs and GPU devices
without any modification from the interface point of view. By exploring this technology,
namely the implementation of the PARALUTION library in COBAYA3, the code can
decrease the solution time of the sparse linear systems by a factor of 5.15 on GPU and
2.56 on a multi-core CPU using standard hardware.
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5. CNFR: See [21]. This reference summarizes three methods, implemented for multi-core
CPU and GPU, to evaluate fuel burn-up in a pressurized light water nuclear reactor (PWR)
using the solutions of a large system of coupled ordinary differential equations. The
reactor physics simulation of a PWR with burn-up calculations spends long execution
times, so that performance improvement using GPU can imply in a better core design
and thus extended fuel life cycle. The results with parallel computing exhibit speed
improvement exceeding 200 times over the sequential solver, within 1% accuracy.

9. Conclusions and remarks

The state of the art in the topic of nuclear reactor simulations shows significant advances in the
development of computer codes. A wide range of applications focusing, besides on improving
nuclear safety, on more efficient analyses to improve fuel cycles/depletion have been found in a
recent study. A considerable “saving time” factor in obtaining nuclear reactor analyses has
been observed.

One important part of a nuclear reactor simulator is the benchmarking process to demonstrate
reliability and repeatability in the simulation of real cases, for which data from reactor opera-
tion or comprehensive data from experiments are well documented. In this sense, extensive
documentation is necessary for theoretical basis, numerical techniques and tools, and valida-
tion of both codes and simulation models.
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Abstract

This chapter deals with (i) the charge transport mechanisms in X- and gamma-ray detec-
tors both Ohmic and Schottky types based on CdTe and its alloys with an almost intrinsic 
conductivity (the peculiarities of the formation of self-compensated complexes due to 
the doping of Cd(Zn)Te crystals with elements of III or V groups (In, Cl) are taken into 
account); (ii) the reasons of insufficient energy resolution in the X- and gamma-ray spec-
tra taken with the detectors under study; (iii) the quantitative model which describes 
the spectral distribution of the detection efficiency of Cd(Zn)Te crystals with Schottky 
diodes; (iv) a correlation between the concentration of uncompensated impurities in the 
Cd(Zn)Te crystals and collection efficiency of photogenerated charge carriers in the detec-
tors with a Schottky contact; (v) the possibility of applications of CdTe thin films with a 
Schottky contact as an alternative to the existing X-rays image detectors based on a-Se.
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The current state and development of technology, science, medicine and other fields of human 
activity are impossible without elemental analysis—a combination of methods of detec-
tion and quantitative determination of the elemental composition of objects of the material 
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world. The rapid development of the methods of elemental analysis began in the 1950s, when 
ionization chambers and scintillation devices were replaced with solid-state semiconductor 
devices—detectors of X- and γ-rays (X/γ-rays). Germanium (Ge) and silicon (Si) were the first 
materials for semiconductor detectors. Such detectors have high-energy resolution; however, 
cryogenic cooling is required to reduce “dark” electrical noise, which in many cases is imprac-
tical or even impossible. Because of the small atomic number Z, the absorptive capacity of Si 
(Z = 14) is low. Therefore, the registration of quanta with energies above 30–50 keV is practi-
cally impossible. The atomic number is Ge higher (Z = 32), but due to the narrower band gap, 
the problem of too large dark current becomes even more serious. For a long time, intensive 
search of alternative semiconductors for X/γ-rays detectors is being carried out. The main 
purpose is to reduce or even eliminate the disadvantages of Si- and Ge-detectors, namely, 
reducing of the “dark” current due to the expansion of the bandgap, detecting of higher 
energy quanta (>30–50 keV) due to the increase in Z and material density, and improving of 
the energy and time resolution due to increase in the life time and the mobility of charge carri-
ers (τμ product). The possibilities of application as elementary semiconductors and insulators 
(e.g., diamond) as binary compounds (GaAs, GaP, HgI2, PbI2, CdSe, SiC, etc.) are studied. 
Currently, the most common semiconductors among binary and ternary II–VI compounds 
are CdTe and Cd1 xZnxTe.

Over 30 years, the heightened interest in CdTe and Cd1-xZnxTe detectors resulting from their 
high power and coordinate energy resolution, which allowed to expand their applications, 
in particular, in the devices for customs control and movement of dangerous goods, secu-
rity systems in the airports, railway stations, transport highways, in crowded places [1–3]. 
Such detectors are also used in metallurgical, chemical, mining and nuclear industries, for 
radiation control by environmental services, for astrophysical applications. In addition, it is 
extremely promising to use CdTe as the base material in multielement (pixelated) detectors, 
which opens up the possibility of creating image detectors with direct X-rays conversion into 
electrical signals, in contrast to the “classical” X-ray devices where the detector is a screen, 
covered with a luminophore and hidden X-image can either observe or fix with a photo-
emulsion. A multielement detector allows you to convert information generated by passing 
X/γ-rays through an object directly into an array of digital electrical signals without using an 
intermediate visible image on a fluorescence screen. Such detectors allow real-time visualiza-
tion of the X-ray image and sufficiently enhance the image resolution. The X- and γ-image 
CdTe detectors are already widely used in the flaw detection of materials with high spatial 
resolution, in medical tomographs with a small dose of a patient’s irradiation, in mammo-
graphs, dental appliances, in the diagnosis of cancerous tumors.

Modern technology provides the growth of perfect CdTe crystals with almost intrinsic elec-
trical conductivity. However, Ohmic detector’s dark currents restrict the high-bias voltage 
for creation of a strong electric field which is necessary to full charge collection. In the 1990s, 
research of CdTe-based ternary compounds for X/γ-rays detectors has started. In particular, 
Cd1–xZnxTe (x = 0.1–0.2) crystals with a wider band gap, higher resistivity and lower dark 
currents in comparison with the CdTe detector has been studied. However, the expected 
prospects of Cd1–xZnxTe crystals remain unfulfilled because of high temperature of crystal 
growth, their crystalline imperfection, and the effect of segregation. This lack is absent in 
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Cd1–xMnxTe crystals, since the growth temperature of Cd1–xMnxTe crystals is lower than that 
of Cd1–xZnxTe. Moreover, about two times less manganese in Cd1–xMnxTe than that zinc in 
Cd1–xZnxTe should be introduced for the expansion of the CdTe band gap. In the late 1990s, 
the first studies of the Cd1-xMnxTe-based X/γ-ray detectors were carried out in the USA, 
Japan, and Europe. However, the spectrometric characteristics of the detectors are still sig-
nificantly worse than those of CdTe and Cd1–xZnxTe. At the end of the 1990s, CdTe detectors 
with Schottky diodes were developed. The detectors showed significantly better energy reso-
lution in the wide range of photon energy up to 1 MeV and above [4]. However, spectromet-
ric parameters not reproduced in all detectors made on the crystals with the same resistivity, 
carrier mobility and lifetimes. All this range of issues have led us to research, important 
both from the scientific and applied point of view, aimed at solving a number of physical 
problems, in particular: (1) investigation of the features of CdTe and Cd1–xZnxTe crystals elec-
trical conductivity mechanism, doped with elements of the III or VII groups of the periodic 
system, taking into account the self-compensation effect; (2) determination of the reasons of 
low energy resolution of Cd(Zn,Mn)Te-based Ohmic detectors and finding the possibilities 
to improve the performance of detectors; (3) identify the charge transport mechanisms and 
the possibilities of reducing the current at high voltages in the X/γ-rays detectors with the 
Schottky diode in order to improve the device spectrometric characteristics; (4) search for a 
physical model of quantum efficiency spectral distribution which would explain a significant 
difference in energy resolution of the 55Fe, 241Am, 57Co, 133Ba, 137Cs isotopes emission spectra 
taken with CdTe- and Cd1–xZnxTe-based X/γ-rays detectors; (5) determining the influence of 
the Schottky diode’s space charge region width and the concentration of uncompensated 
impurities both on the X/γ-rays detectors’ quantum efficiency and the charge collection; (6) 
finding out the possibility of use of CdTe thin polycrystalline films with a barrier structure in 
detectors with direct X-ray conversion that provides low values of dark current, eliminates 
the problem of charge collection. Here, we summarize the results of our studies in the above-
mentioned areas.

2. Features of conductivity of semi-insulating CdTe and CdZnTe 
single crystals

This section deals with the results of studies of CdTe crystals, doped with Cl and Cd0,9Zn0,1Te 
crystals, doped with In, which are widely used for the creation of detectors. The results of the 
research reveal important features of the electrical characteristics of the crystals. Figure 1a 
presents the typical temperature dependences of the resistivity ρ(T) of the CdTe [5–8] and 
CdZnTe [9, 10] crystals under study.

The temperature dependence of the intrinsic resistivity of CdTe and CdZnTe crystals 
ρi(T) = 1/qni(μn + μp) is also shown for comparison (where де ni = (NcNv)1/2exp(−Eg/2kT) is the 
concentration of intrinsic charge carriers, Nc = 2(mnkT/2πħ)3/2 and Nv = 2(mpkT/2πħ)3/2 are the 
effective density of states in the conduction band and the valence band of the semiconductor, 
respectively). As seen, the values of ρ and ρi of both CdTe and CdZnTe are quite close in the 
whole temperature range, which is important taking into account the necessity to minimize 
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the dark current in X/γ-rays detectors. At temperatures above the room temperature (>320–
330 K), the resistivity ρ of CdTe crystal exceeds its value for a material with intrinsic conduc-
tivity ρi. At temperatures below ~ 280 K, the resistivity of CdTe crystal exceeds the resistivity 
of Cd0,9Zn0,1Te with a wider (!) bandgap. The observed excess ρ over ρi is explained, the much 
lower mobility of holes in comparison with the mobility of electrons. If the Fermi level shifts 
from its position in the intrinsic semiconductor toward the valence band, the contribution of 
holes into electrical conductivity increases and thus resistivity also increases. However, with 
further displacement of the Fermi level the resistivity decreases, as the concentration of holes 
becomes too large. As a result, the thermal activation energy of the electrical conductivity 
decreases. Giving ρ as 1/q(nμn + ni

2μp/n) and equating to zero the derivative dρ/dn, is easy to 
show that the maximum value of the resistivity is determined by ρmax = (2qni(μnμp)1/2)−1. As 
shown in Figure 1b, the value of the maximum possible resistivity ρmax significantly exceeds 
the intrinsic resistivity of CdTe crystal in the whole temperature range. In the case of a semi-
conductor with almost intrinsic conductivity, the solution of equation ρ = 1/q(nμn + pμp) for 
Fermi energy Δμ has the form as follows:

  𝛥𝛥𝛥𝛥 = kTln (  
1 ±  √ 

_____________
  1 − 4  q   2   ρ   2   μ  n    μ  p    n  i  2     _____________  2qρ  μ  n    n  i  2  /  N  v  

  ) ,  (1)

where “+” and “−” correspond to n- and p-type semiconductor, respectively. That is, one can 
find the Δμ(Т) dependences of the crystals under study (Figure 1c) from the temperature 
dependence of the resistivity ρ(Т) (Figure 1a), taking into account the temperature depen-
dences of nі and mobilities of electrons μn and holes μp [5]. The Fermi-level energy of the 
samples calculated with Eq. (1) (Figure 1c) shows that the Fermi level is noticeably removed 
from the conduction band when temperature increase, which slows the growth of the elec-
trons concentration, consequently, leads to a decrease in the of thermal activation energy. 
As a consequence, despite the fact that the Fermi level located near the middle of the band 

Figure 1. (a) Temperature dependences of resistivity of the CdTe and Cd0,9Zn0,1Te crystals. Dashed lines show the 
temperature dependences of resistivity of CdTe and Cd0,9Zn0,1Te crystals with intrinsic conductivity ρi, dotted lines show 
its maximum possible values ρmax. (b) Dependence of resistivity of CdTe on position of the Fermi level at different 
temperatures. The Fermi level energy Δμi in intrinsic CdTe is also shown. (c) Temperature dependences of the Fermi 
level energies in CdTe and CdZnTe crystals. Circles and squares show the values of Δμ (T) calculated with Eq. (1). Solid 
lines show Δμcalc(T) calculated with Eq. (2). Dashed lines show the Fermi levels in the intrinsic materials.
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gap in the whole temperature range, the thermal activation energy is much smaller than that 
of intrinsic semiconductor. Another important conclusion is that the Fermi level crosses the 
Fermi level in intrinsic Cd0,9Zn0,1Te at a temperature of ~330 K, that is the material changes the 
type of conductivity.

An analysis of the statistics of electrons and holes in a semiconductor, in which donor 
defects form self-compensated complexes, provides additional information on the com-
pensation mechanism in the CdTe and Cd0,9Zn0,1Te crystals. Consideration of the features of 
self-compensated semiconductors minimizes the number of independent parameters in the 
calculations [11]. It is important that the concentration of the donor impurity (Cl or In) is 
significantly higher than the concentration of background impurities and defects. Under this 
condition, calculations can be made using the simplified scheme of levels in the bandgap, 
namely, the deep donor and deep acceptor level, as well as the shallow level of donors that 
did not form complexes, that is, on the “three-level” compensation model [12]. In the electro-
neutrality equation for semi-insulating wide-band semiconductor with a high concentration 
of impurities (~1018 см−3), the concentration of free carriers n and p (which do not exceed 107 to 
108 cm−3 even at elevated temperatures) can be neglected. It is natural to assume that the level 
of compensating acceptors is located in the lower part of the bandgap (or at least ~5kT below 
the Fermi level), that is, they are almost completely ionized, and it can be taken Na

+ ≈ Na, 
where Na is the concentration of acceptors. Such acceptors may be Cd or Zn vacancies with 
ionization energy of 0.43–0.47 eV. With such simplifications, the electroneutrality equation is 
reduced to the expression N = Nd

+, and its analytical solution is

  𝛥𝛥𝛥𝛥 =  E  d   + kTln [  1 − ξ ___ ξ  ] .  (2)

Thus, the Fermi-level energy at a temperature T is determined by the energy of the donor level 
Ed and its compensation degree ξ = Na/Nd, which can be found by comparing the results of 
the calculation according to Eq. 2 with the experimental dependences Δμ(Т) obtained from 
the results of measurements of resistivity ρ(Т), as shown in Figure 1c. The best match of the 
calculated and experimental dependencies Δμ(Т) corresponds to Еd = 1.081 eV, ξ = 0.99998 for 
Cd0,9Zn0,1Te and Еd = 0.783 eV, ξ = 0.976 for CdTe. The obtained values of ionization energy are 
in the range, in which the photoluminescence bands were detected, which is also consistent 
with the results of the study of energy levels in the band gap CdTe and Cd1 − xZnxTe by other 
methods. Obtained high degree of donor compensation ξ = 0.979 for CdTe and ξ = 0.99998 
for Cd0,9Zn0,1Te confirms the known theoretical fact that an element of Group III or VII of the 
Periodic system (in this case, Cl and In) as a donor impurity introduced in the crystal lattice, 
causes the appearance of approximately the same amount of compensating intrinsic defects, 
which leads to the formation of complexes. It should be emphasized that the obtained values ξ 
are close to the degree of compensation provided by the Mandel theory for CdTe and ZnTe [13].

These results are important from a practical point of view: (1) At Еd = 0.60 eV (as in the crys-
tal Cd0,9Zn0,1Te under study), the values of ρ become close to the maximum value in a very 
narrow range of ξ (Figure 2a). When shifting of the donor to the middle of band gap dome-
shaped curve ρ(ξ) expands and its maximum shifts toward values of ξ, close to 0.5. The 
achievement of the semi-insulating state Cd0,9Zn0,1Te Еd = 0.60 eV and ξ = 0.99998 became 
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the dark current in X/γ-rays detectors. At temperatures above the room temperature (>320–
330 K), the resistivity ρ of CdTe crystal exceeds its value for a material with intrinsic conduc-
tivity ρi. At temperatures below ~ 280 K, the resistivity of CdTe crystal exceeds the resistivity 
of Cd0,9Zn0,1Te with a wider (!) bandgap. The observed excess ρ over ρi is explained, the much 
lower mobility of holes in comparison with the mobility of electrons. If the Fermi level shifts 
from its position in the intrinsic semiconductor toward the valence band, the contribution of 
holes into electrical conductivity increases and thus resistivity also increases. However, with 
further displacement of the Fermi level the resistivity decreases, as the concentration of holes 
becomes too large. As a result, the thermal activation energy of the electrical conductivity 
decreases. Giving ρ as 1/q(nμn + ni

2μp/n) and equating to zero the derivative dρ/dn, is easy to 
show that the maximum value of the resistivity is determined by ρmax = (2qni(μnμp)1/2)−1. As 
shown in Figure 1b, the value of the maximum possible resistivity ρmax significantly exceeds 
the intrinsic resistivity of CdTe crystal in the whole temperature range. In the case of a semi-
conductor with almost intrinsic conductivity, the solution of equation ρ = 1/q(nμn + pμp) for 
Fermi energy Δμ has the form as follows:

  𝛥𝛥𝛥𝛥 = kTln (  
1 ±  √ 

_____________
  1 − 4  q   2   ρ   2   μ  n    μ  p    n  i  2     _____________  2qρ  μ  n    n  i  2  /  N  v  

  ) ,  (1)

where “+” and “−” correspond to n- and p-type semiconductor, respectively. That is, one can 
find the Δμ(Т) dependences of the crystals under study (Figure 1c) from the temperature 
dependence of the resistivity ρ(Т) (Figure 1a), taking into account the temperature depen-
dences of nі and mobilities of electrons μn and holes μp [5]. The Fermi-level energy of the 
samples calculated with Eq. (1) (Figure 1c) shows that the Fermi level is noticeably removed 
from the conduction band when temperature increase, which slows the growth of the elec-
trons concentration, consequently, leads to a decrease in the of thermal activation energy. 
As a consequence, despite the fact that the Fermi level located near the middle of the band 

Figure 1. (a) Temperature dependences of resistivity of the CdTe and Cd0,9Zn0,1Te crystals. Dashed lines show the 
temperature dependences of resistivity of CdTe and Cd0,9Zn0,1Te crystals with intrinsic conductivity ρi, dotted lines show 
its maximum possible values ρmax. (b) Dependence of resistivity of CdTe on position of the Fermi level at different 
temperatures. The Fermi level energy Δμi in intrinsic CdTe is also shown. (c) Temperature dependences of the Fermi 
level energies in CdTe and CdZnTe crystals. Circles and squares show the values of Δμ (T) calculated with Eq. (1). Solid 
lines show Δμcalc(T) calculated with Eq. (2). Dashed lines show the Fermi levels in the intrinsic materials.
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gap in the whole temperature range, the thermal activation energy is much smaller than that 
of intrinsic semiconductor. Another important conclusion is that the Fermi level crosses the 
Fermi level in intrinsic Cd0,9Zn0,1Te at a temperature of ~330 K, that is the material changes the 
type of conductivity.

An analysis of the statistics of electrons and holes in a semiconductor, in which donor 
defects form self-compensated complexes, provides additional information on the com-
pensation mechanism in the CdTe and Cd0,9Zn0,1Te crystals. Consideration of the features of 
self-compensated semiconductors minimizes the number of independent parameters in the 
calculations [11]. It is important that the concentration of the donor impurity (Cl or In) is 
significantly higher than the concentration of background impurities and defects. Under this 
condition, calculations can be made using the simplified scheme of levels in the bandgap, 
namely, the deep donor and deep acceptor level, as well as the shallow level of donors that 
did not form complexes, that is, on the “three-level” compensation model [12]. In the electro-
neutrality equation for semi-insulating wide-band semiconductor with a high concentration 
of impurities (~1018 см−3), the concentration of free carriers n and p (which do not exceed 107 to 
108 cm−3 even at elevated temperatures) can be neglected. It is natural to assume that the level 
of compensating acceptors is located in the lower part of the bandgap (or at least ~5kT below 
the Fermi level), that is, they are almost completely ionized, and it can be taken Na

+ ≈ Na, 
where Na is the concentration of acceptors. Such acceptors may be Cd or Zn vacancies with 
ionization energy of 0.43–0.47 eV. With such simplifications, the electroneutrality equation is 
reduced to the expression N = Nd

+, and its analytical solution is

  𝛥𝛥𝛥𝛥 =  E  d   + kTln [  1 − ξ ___ ξ  ] .  (2)

Thus, the Fermi-level energy at a temperature T is determined by the energy of the donor level 
Ed and its compensation degree ξ = Na/Nd, which can be found by comparing the results of 
the calculation according to Eq. 2 with the experimental dependences Δμ(Т) obtained from 
the results of measurements of resistivity ρ(Т), as shown in Figure 1c. The best match of the 
calculated and experimental dependencies Δμ(Т) corresponds to Еd = 1.081 eV, ξ = 0.99998 for 
Cd0,9Zn0,1Te and Еd = 0.783 eV, ξ = 0.976 for CdTe. The obtained values of ionization energy are 
in the range, in which the photoluminescence bands were detected, which is also consistent 
with the results of the study of energy levels in the band gap CdTe and Cd1 − xZnxTe by other 
methods. Obtained high degree of donor compensation ξ = 0.979 for CdTe and ξ = 0.99998 
for Cd0,9Zn0,1Te confirms the known theoretical fact that an element of Group III or VII of the 
Periodic system (in this case, Cl and In) as a donor impurity introduced in the crystal lattice, 
causes the appearance of approximately the same amount of compensating intrinsic defects, 
which leads to the formation of complexes. It should be emphasized that the obtained values ξ 
are close to the degree of compensation provided by the Mandel theory for CdTe and ZnTe [13].

These results are important from a practical point of view: (1) At Еd = 0.60 eV (as in the crys-
tal Cd0,9Zn0,1Te under study), the values of ρ become close to the maximum value in a very 
narrow range of ξ (Figure 2a). When shifting of the donor to the middle of band gap dome-
shaped curve ρ(ξ) expands and its maximum shifts toward values of ξ, close to 0.5. The 
achievement of the semi-insulating state Cd0,9Zn0,1Te Еd = 0.60 eV and ξ = 0.99998 became 
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possible due to doping by self-compensated donors and the formation of A- or DX-centers, 
the concentration of which is practically equal to the concentration of acceptors due to the 
very nature of these centers. (2) In a certain combination of ionization energy and the com-
pensation degree, changes in the temperature dependence of resistivity and/or inversion 
of the conductivity type of the crystal in the climate-change temperature range may occur 
that may affect on the operation of the X/γ-ray detector with the Schottky diode. If the 
donor level located near the middle of the band gap of the Cd0,9Zn0,1Te crystal (Ed = 0.7 eV), 
to obtain the resistivity ρ = 1010 Ω·сm at 300 К (Figure 2b), the compensation degree equals 
to ξ = 0.679, and the thermal activation energy of conductivity is close to the half of the 
Cd0,9Zn0,1Te band gap at 0 K (ΔE = 0.84 eV). If Ed = 0.5 eV to ensure ρ = 1010 Ω·сm at 300 K, 
the compensation level should be increased to 0.99979, which leads to a decrease of ΔE to 
0.65 eV. When Ed = 0.3 eV, the compensation degree should further increase to 0.9999999, 
making activation energy decreases to 0.47 eV. If Ed equals to 0.9 eV to ensure ρ = 1010 Ω·сm, 
the compensation degree should be considerably less than 1/2, namely ξ = 0.00047. In this 
case, the thermal activation energy ΔE will be 1.04 eV, that is, it becomes “abnormally” high 
[5, 7, 9].

Figure 2c shows the calculated temperature dependences of the Fermi level energy in 
Cd0,9Zn0,1Te at different compensation degrees of donor (In) with ionization energy Еd = 0.45 eV, 
which corresponds to the often observed in these crystals photoluminescence band (~1.08 eV). 
The position of the Fermi level in the intrinsic Cd0,9Zn0,1Te is shown by dashed line. As seen, 
the Fermi level is located above the Fermi level in the intrinsic semiconductor at the compen-
sation degree ξ = 0.9999 in the whole temperature range, that is, the semiconductor has an 
n-type of conductivity. At sufficiently higher compensation degree (ξ = 0.999999), the Fermi 
level is located below the Fermi level in the intrinsic Cd0,9Zn0,1Te, that is, the crystal has p-type 
conductivity [9]. It is also possible the condition when type of conductivity changes in the 

Figure 2. (a) The dependence of resistivity of Cd0.9Zn0.1Te crystal on the compensation degree ξ. (b) Temperature 
dependences of resistivity ρ at the different ionization energies Ed and compensation degree ξ = Na/Nd, which provides 
the same ρ, but different thermal activation energies ΔE. (c) The temperature dependences of the Fermi level energy Δμ 
(T) in Cd0.9Zn0.1Te crystal at the different compensation degrees (Δμі - is the Fermi level energy in a crystal with intrinsic 
conductivity).
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climate-change temperature range, which is observed at an intermediate value of ξ = 0.99999. 
Unlike Cd0,9Zn0,1Te with a high compensation degree, in CdTe crystals the compensation 
degree is much lower and the dependence of the Fermi level on ξ is much weaker. Therefore, 
in CdTe, the transition from p- to n-type of conductivity occurs at an increase from 0.90 to 
0.99, that is, by 9%, while in Cd0,9Zn0,1Te—only by 0.01%. This explains how much harder is to 
grow a homogeneous Cd0,9Zn0,1Te crystal in comparison with CdTe.

3. Charge collection efficiency in CdTe-based Ohmic detectors

The operation of CdTe detector in spectrometric mode assumes complete collection of the 
charge generated by the absorption of high-energy quanta. Since the lifetime of charge car-
riers in the most perfect CdTe crystals does not exceed several microseconds, it is necessary 
to apply a rather high voltage to prevent the “capture” of the carriers by deep impurities 
(defects). At low voltage applied to the CdTe crystal with ohmic contacts, I-V characteristic is 
linear, but at higher bias a superlinear increase in current is always observed [14]. Attention is 
drawn to the fact that the deviation from linear I-V relationships at higher voltage is observed 
stronger when the temperature decreases (Figure 3b, inset). Therefore, we can assume that an 
additional charge transport mechanism with much weaker temperature dependence comes 
into play with increasing voltage. This is confirmed by the data in Figure 3b, which show 
the voltage dependences of the difference ΔI between the measured current I and a linearly 
extrapolated current Io (ΔI = I – Io). As seen, the current excessive over linearly extrapolated 
current is virtually independent of temperature. A deviation of I-V characteristics from lin-
earity due to lowering the barrier at imperfect Ohmic contact should be rejected because 
such a mechanism leads to an exponentially increase in the current with temperature [15]. 
The current caused by tunneling transitions of electrons from the Fermi level in the metal 
(or slightly below it) into the semiconductor can be almost temperature independent [16]. 
However, at bias voltage in the range 10–100 V, the probability of tunneling is practically 
zero. A much greater probability of tunneling is through a thin interfacial oxide layer, whose 
presence on the crystal surface before metal deposition cannot be excluded (Figure 3c). At 
higher voltages, the linear behavior of the I-V characteristic of the CdTe crystal is replaced by 
a quadratic dependence on V, as in the case of space charge limited current (SCLC)] accord-
ing to the Mott-Gurney law [17]. It is confirmed by comparing the experimental data with 
the extrapolation of the quadratic I-V dependence (Figure 3b). According to theory, SCLC 
can be formed by injection of charge carriers into the valence or conduction band. In the 
case of semi-insulating CdTe, the injection of electrons into the conduction band should be 
preferred. Firstly, the excess concentration of electrons above the electron equilibrium con-
centration is achieved much easier, since in the CdTe:Cl crystals the electron concentration 
approximately two orders of magnitude lower than that of holes. Second, the electron mobil-
ity in CdTe is more than an order of magnitude higher than that of holes, and the SCLC is 
proportional to the charge carrier mobility. Finally, the electron current injected by tunneling 
is almost temperature independent, that is, observed from the experience and just this one 
needs to explain. Taking into account the current of thermally generated holes and SCLC we 
can write:
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possible due to doping by self-compensated donors and the formation of A- or DX-centers, 
the concentration of which is practically equal to the concentration of acceptors due to the 
very nature of these centers. (2) In a certain combination of ionization energy and the com-
pensation degree, changes in the temperature dependence of resistivity and/or inversion 
of the conductivity type of the crystal in the climate-change temperature range may occur 
that may affect on the operation of the X/γ-ray detector with the Schottky diode. If the 
donor level located near the middle of the band gap of the Cd0,9Zn0,1Te crystal (Ed = 0.7 eV), 
to obtain the resistivity ρ = 1010 Ω·сm at 300 К (Figure 2b), the compensation degree equals 
to ξ = 0.679, and the thermal activation energy of conductivity is close to the half of the 
Cd0,9Zn0,1Te band gap at 0 K (ΔE = 0.84 eV). If Ed = 0.5 eV to ensure ρ = 1010 Ω·сm at 300 K, 
the compensation level should be increased to 0.99979, which leads to a decrease of ΔE to 
0.65 eV. When Ed = 0.3 eV, the compensation degree should further increase to 0.9999999, 
making activation energy decreases to 0.47 eV. If Ed equals to 0.9 eV to ensure ρ = 1010 Ω·сm, 
the compensation degree should be considerably less than 1/2, namely ξ = 0.00047. In this 
case, the thermal activation energy ΔE will be 1.04 eV, that is, it becomes “abnormally” high 
[5, 7, 9].

Figure 2c shows the calculated temperature dependences of the Fermi level energy in 
Cd0,9Zn0,1Te at different compensation degrees of donor (In) with ionization energy Еd = 0.45 eV, 
which corresponds to the often observed in these crystals photoluminescence band (~1.08 eV). 
The position of the Fermi level in the intrinsic Cd0,9Zn0,1Te is shown by dashed line. As seen, 
the Fermi level is located above the Fermi level in the intrinsic semiconductor at the compen-
sation degree ξ = 0.9999 in the whole temperature range, that is, the semiconductor has an 
n-type of conductivity. At sufficiently higher compensation degree (ξ = 0.999999), the Fermi 
level is located below the Fermi level in the intrinsic Cd0,9Zn0,1Te, that is, the crystal has p-type 
conductivity [9]. It is also possible the condition when type of conductivity changes in the 

Figure 2. (a) The dependence of resistivity of Cd0.9Zn0.1Te crystal on the compensation degree ξ. (b) Temperature 
dependences of resistivity ρ at the different ionization energies Ed and compensation degree ξ = Na/Nd, which provides 
the same ρ, but different thermal activation energies ΔE. (c) The temperature dependences of the Fermi level energy Δμ 
(T) in Cd0.9Zn0.1Te crystal at the different compensation degrees (Δμі - is the Fermi level energy in a crystal with intrinsic 
conductivity).
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climate-change temperature range, which is observed at an intermediate value of ξ = 0.99999. 
Unlike Cd0,9Zn0,1Te with a high compensation degree, in CdTe crystals the compensation 
degree is much lower and the dependence of the Fermi level on ξ is much weaker. Therefore, 
in CdTe, the transition from p- to n-type of conductivity occurs at an increase from 0.90 to 
0.99, that is, by 9%, while in Cd0,9Zn0,1Te—only by 0.01%. This explains how much harder is to 
grow a homogeneous Cd0,9Zn0,1Te crystal in comparison with CdTe.

3. Charge collection efficiency in CdTe-based Ohmic detectors

The operation of CdTe detector in spectrometric mode assumes complete collection of the 
charge generated by the absorption of high-energy quanta. Since the lifetime of charge car-
riers in the most perfect CdTe crystals does not exceed several microseconds, it is necessary 
to apply a rather high voltage to prevent the “capture” of the carriers by deep impurities 
(defects). At low voltage applied to the CdTe crystal with ohmic contacts, I-V characteristic is 
linear, but at higher bias a superlinear increase in current is always observed [14]. Attention is 
drawn to the fact that the deviation from linear I-V relationships at higher voltage is observed 
stronger when the temperature decreases (Figure 3b, inset). Therefore, we can assume that an 
additional charge transport mechanism with much weaker temperature dependence comes 
into play with increasing voltage. This is confirmed by the data in Figure 3b, which show 
the voltage dependences of the difference ΔI between the measured current I and a linearly 
extrapolated current Io (ΔI = I – Io). As seen, the current excessive over linearly extrapolated 
current is virtually independent of temperature. A deviation of I-V characteristics from lin-
earity due to lowering the barrier at imperfect Ohmic contact should be rejected because 
such a mechanism leads to an exponentially increase in the current with temperature [15]. 
The current caused by tunneling transitions of electrons from the Fermi level in the metal 
(or slightly below it) into the semiconductor can be almost temperature independent [16]. 
However, at bias voltage in the range 10–100 V, the probability of tunneling is practically 
zero. A much greater probability of tunneling is through a thin interfacial oxide layer, whose 
presence on the crystal surface before metal deposition cannot be excluded (Figure 3c). At 
higher voltages, the linear behavior of the I-V characteristic of the CdTe crystal is replaced by 
a quadratic dependence on V, as in the case of space charge limited current (SCLC)] accord-
ing to the Mott-Gurney law [17]. It is confirmed by comparing the experimental data with 
the extrapolation of the quadratic I-V dependence (Figure 3b). According to theory, SCLC 
can be formed by injection of charge carriers into the valence or conduction band. In the 
case of semi-insulating CdTe, the injection of electrons into the conduction band should be 
preferred. Firstly, the excess concentration of electrons above the electron equilibrium con-
centration is achieved much easier, since in the CdTe:Cl crystals the electron concentration 
approximately two orders of magnitude lower than that of holes. Second, the electron mobil-
ity in CdTe is more than an order of magnitude higher than that of holes, and the SCLC is 
proportional to the charge carrier mobility. Finally, the electron current injected by tunneling 
is almost temperature independent, that is, observed from the experience and just this one 
needs to explain. Taking into account the current of thermally generated holes and SCLC we 
can write:
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where ε is the dielectric permittivity of the semiconductor, εo is the dielectric constant of 
vacuum, μn and μp is the mobility of charge carriers, s is the area of the contact, p0 is the 
equilibrium concentration of holes in the crystal, K is the coefficient, which takes into account 
the probability of electron tunneling through the oxide film and reducing the contribution of 
the SCLC.

Temperature variation leads to a change in current through the crystal, depending on the 
SCLC contribution. For the best agreement, the calculation results by Eq. (3) with the experi-
mental data we should substitute К = 2.3·10−4. As seen, Eq. (3) well reproduces the voltage 
dependences of the current and its temperature changes in detail (Figure 3a). SCLC nega-
tively impacts on the detector performance since it leads to an increase in leakage current, 
and hence degrades the energy resolution of the detector. Moreover, the contribution of the 
SCLC increases with decreasing temperature due to increasing the holes mobility (by 5–6% 
per 10°C) (Figure 4a). Such a character of the SCLC does not allow reduce significantly the 
leakage current by thermoelectrically cooling of the detector as in the case of CdTe detectors 
with Schottky diode [18].

SCLC is proportional to the squared voltage and is inversely proportional to the crystal thick-
ness d; therefore, the relationship between the CdTe crystal thickness d and the drift length of 
carriers λp increases with decreasing d (Figure 4a, inset), which, in turn, improves the energy 
resolution of detector. Thus, too low energy resolution of X/γ-rays CdTe-detector with two 
Ohmic contacts (6–8%) caused by ineffective charge collection. One of the reasons might be 
the recombination of charge carriers in the bulk and on the front and back surfaces of the 
crystal. Analysis of the influence of surface recombination can be made on the base of continu-
ity equation (with the corresponding boundary conditions) and taking into account the drift 
and diffusion components of the current. The calculations show that for the actual thicknesses 

Figure 3. (а) I-V characteristics of CdTe crystal measured (circles) and calculated using Eq. (3) at different temperatures 
(solid lines). The dashed lines show linear extrapolation of I-V dependencies at low V. (b) Voltage dependence of 
difference ΔI between the measured current I and a linearly extrapolated current Io for three temperatures. The straight 
solid line extrapolates quadratic dependence of the current on voltage. The inset shows temperature dependences of 
the currents at 1 and 100 V. (c) Energy diagram of the metal/CdTe contact showing tunneling of electrons through an 
intermediate oxide film on the CdTe crystal surface.
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of the crystal and the applied voltages, the recombination on the surfaces of the crystal can 
be neglected. Neglecting recombination losses at the crystal surfaces, we have to assume that 
the low efficiency of charge collection in Ohmic-type CdTe detectors is caused by trapping of 
photogenerated charge carriers by deep levels of impurities (defects) in the crystal bulk. These 
losses is strongly dependent on the lifetime of charge carriers (τn and τp), which at a given 
electric field F (together with their mobility (μn and μp) determine the drift length of carriers 
λn = μnFτn, λp = μpFτp. In this view, the relationship between the CdTe crystal thickness and 
the drift length of carriers (Figure 4a, inset) is very important. A quantitative description of 
the collection losses of photogenerated charge carriers gives the well-known Hecht equation, 
which for a uniform electric field has the form [19].

   η  H   (x)  =   
 λ  n   __ d   [1 − exp (−   d − x ____  λ  n  

  ) ]  +   
 λ  p   __ d   [1 − exp (−   x __  λ  p  

  ) ] .  (4)

Taking into account the most important processes which determine the spectral distribution 
of the quantum detection efficiency, in particular, absorption in the bulk of crystal and an 
electrode material (Pt), the losses caused by trapping of charge carriers in the bulk of crystal, 
the detection efficiency depending on the absorption coefficient αγ in the crystal with Ohmic 
contacts can be written as

  η ( α  γ  )  =  ∫ 0  d     T  Pt   ( α  γ  )   α  γ   exp (−  α  γ   x)   η  H   (x) dx,  (5)

where ТPt(αγ) takes into account the radiation attenuation after passing through an electrode 
material; ηH(x) is Hecht function (4); αγexp(−αγx) is the generation rate of electron–hole pairs 
per incident photon [16].

Insufficient absorptive capacity in high spectral range significantly reduces the registration of 
X/γ-rays but does not affect the processes that take place after photon absorption. Therefore, 

Figure 4. (a) Temperature dependences of the current at different voltages applied to the CdTe crystal. The inset shows 
the dependences of the drift length of holes on the thickness of the CdTe crystal at voltage when the same leakage current 
of 3 × 10−8 A is achieved. (b) Charge collection efficiency spectra for CdTe crystals of different thicknesses at voltages 
that corresponds to the same current 3 × 10−8 A. (c) Energy resolution in the spectra of different isotopes for the detector 
thickness of 0.25 mm at voltage of 10.3 V.
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where ε is the dielectric permittivity of the semiconductor, εo is the dielectric constant of 
vacuum, μn and μp is the mobility of charge carriers, s is the area of the contact, p0 is the 
equilibrium concentration of holes in the crystal, K is the coefficient, which takes into account 
the probability of electron tunneling through the oxide film and reducing the contribution of 
the SCLC.

Temperature variation leads to a change in current through the crystal, depending on the 
SCLC contribution. For the best agreement, the calculation results by Eq. (3) with the experi-
mental data we should substitute К = 2.3·10−4. As seen, Eq. (3) well reproduces the voltage 
dependences of the current and its temperature changes in detail (Figure 3a). SCLC nega-
tively impacts on the detector performance since it leads to an increase in leakage current, 
and hence degrades the energy resolution of the detector. Moreover, the contribution of the 
SCLC increases with decreasing temperature due to increasing the holes mobility (by 5–6% 
per 10°C) (Figure 4a). Such a character of the SCLC does not allow reduce significantly the 
leakage current by thermoelectrically cooling of the detector as in the case of CdTe detectors 
with Schottky diode [18].

SCLC is proportional to the squared voltage and is inversely proportional to the crystal thick-
ness d; therefore, the relationship between the CdTe crystal thickness d and the drift length of 
carriers λp increases with decreasing d (Figure 4a, inset), which, in turn, improves the energy 
resolution of detector. Thus, too low energy resolution of X/γ-rays CdTe-detector with two 
Ohmic contacts (6–8%) caused by ineffective charge collection. One of the reasons might be 
the recombination of charge carriers in the bulk and on the front and back surfaces of the 
crystal. Analysis of the influence of surface recombination can be made on the base of continu-
ity equation (with the corresponding boundary conditions) and taking into account the drift 
and diffusion components of the current. The calculations show that for the actual thicknesses 

Figure 3. (а) I-V characteristics of CdTe crystal measured (circles) and calculated using Eq. (3) at different temperatures 
(solid lines). The dashed lines show linear extrapolation of I-V dependencies at low V. (b) Voltage dependence of 
difference ΔI between the measured current I and a linearly extrapolated current Io for three temperatures. The straight 
solid line extrapolates quadratic dependence of the current on voltage. The inset shows temperature dependences of 
the currents at 1 and 100 V. (c) Energy diagram of the metal/CdTe contact showing tunneling of electrons through an 
intermediate oxide film on the CdTe crystal surface.
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of the crystal and the applied voltages, the recombination on the surfaces of the crystal can 
be neglected. Neglecting recombination losses at the crystal surfaces, we have to assume that 
the low efficiency of charge collection in Ohmic-type CdTe detectors is caused by trapping of 
photogenerated charge carriers by deep levels of impurities (defects) in the crystal bulk. These 
losses is strongly dependent on the lifetime of charge carriers (τn and τp), which at a given 
electric field F (together with their mobility (μn and μp) determine the drift length of carriers 
λn = μnFτn, λp = μpFτp. In this view, the relationship between the CdTe crystal thickness and 
the drift length of carriers (Figure 4a, inset) is very important. A quantitative description of 
the collection losses of photogenerated charge carriers gives the well-known Hecht equation, 
which for a uniform electric field has the form [19].

   η  H   (x)  =   
 λ  n   __ d   [1 − exp (−   d − x ____  λ  n  

  ) ]  +   
 λ  p   __ d   [1 − exp (−   x __  λ  p  

  ) ] .  (4)

Taking into account the most important processes which determine the spectral distribution 
of the quantum detection efficiency, in particular, absorption in the bulk of crystal and an 
electrode material (Pt), the losses caused by trapping of charge carriers in the bulk of crystal, 
the detection efficiency depending on the absorption coefficient αγ in the crystal with Ohmic 
contacts can be written as

  η ( α  γ  )  =  ∫ 0  d     T  Pt   ( α  γ  )   α  γ   exp (−  α  γ   x)   η  H   (x) dx,  (5)

where ТPt(αγ) takes into account the radiation attenuation after passing through an electrode 
material; ηH(x) is Hecht function (4); αγexp(−αγx) is the generation rate of electron–hole pairs 
per incident photon [16].

Insufficient absorptive capacity in high spectral range significantly reduces the registration of 
X/γ-rays but does not affect the processes that take place after photon absorption. Therefore, 

Figure 4. (a) Temperature dependences of the current at different voltages applied to the CdTe crystal. The inset shows 
the dependences of the drift length of holes on the thickness of the CdTe crystal at voltage when the same leakage current 
of 3 × 10−8 A is achieved. (b) Charge collection efficiency spectra for CdTe crystals of different thicknesses at voltages 
that corresponds to the same current 3 × 10−8 A. (c) Energy resolution in the spectra of different isotopes for the detector 
thickness of 0.25 mm at voltage of 10.3 V.
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the spectral distribution of the charge collection efficiency (the value determining the energy 
resolution of the detector) is obtained by dividing the detection efficiency η(hν) by the absorp-
tion capacity of the crystal A(hν) = 1 - exp(−αγd). Figure 4b shows the collection efficiency 
curves ηo(hν) calculated for the different thicknesses of CdTe and voltages at which the cur-
rent is the same as at voltage of 60 V for crystal thickness of 1 mm (3·10−8 A). As seen, when 
the crystal thickness is 4 mm, the charge collection efficiency ηo(hν) in the photon energy 
hν < 100 keV is 90%, while for hν ≈ 1 MeV ηo(hν) is reduced to 77% (Figure 4b). When the crys-
tal thins, the charge collection efficiency is significantly improved reaching a level of 97–98%. 
With the thickness of 0.25 mm the charge collection efficiency is above 97% throughout the 
whole spectral range. However, increasing the charge collection efficiency ηo(hν) with thin-
ning of the crystal is achieved with a significant decrease in the efficiency of detection (regis-
tration) in the range of high-energy photons. A significant increase in the energy resolution 
can be achieved by improving the quality of CdTe crystals and, thus, increasing the lifetime of 
charge carriers. Our calculations show that with increasing the electron lifetime by the order 
of magnitude from 3 × 10−6 s to 3 × 10−5 s, for the crystal thickness of 0.25 mm at voltage that 
corresponds to the current 3 × 10−8 A (10.3 V) the energy resolution in the spectra of all isotopes 
is higher than 99% [20] (Figure 4c).

CdZnTe and CdMnTe-based X/γ-rays Ohmic detectors can have electrical characteris-
tics both similar to presented above and different. This is largely due to the choice of con-
tacts material, the treatment of the crystal surface before contacts fabrication, conditions of 
post-deposition treatment. At low voltage applied to the p-Cd1-xMnxTe (x = 0.3) crystal I-V 
characteristics are linear, but at higher bias a superlinear increase in current is observed 
approximately the same extent at different temperatures. The fact that the voltage depen-
dence of difference between the measured current and a linearly extrapolated current is 
quadratic, which indicates that the observed supernular growth of current is due to by 
space charge limited current (SCLC) according to the Mott-Gurney law [17]. The activation 
energy of the conductivity caused by the equilibrium holes (at V = 10 V) equals to 0.39 еV.  
Attention is drawn to the fact that the energy of acceptor trap at the formation of the SCLC in 
the Ni/CdMnTe contact (at V > 200 V), equal also 0.39 еV, that is, impurity (or defect), respon-
sible for electrical conductivity of material and trap of injected charge carriers clearly have the 
same nature. Therefore, the same activation energy for the current of equilibrium holes and 
the current surplus of equilibrium current confirms the fact that SCLC in the Ni/CdMnTe/Ni 
detector is formed by the injection of majority carriers (holes) from the metal, not by the tunnel 
injection of minority carriers (electrons) as in the case of Pt/CdTe/Pt detectors discussed above.

Cd1-xZnxTe (x = 0.1) n-type crystals with gold Ohmic contacts show other features of superlin-
ear current growth at high voltages. At voltages, lower ~ 10 V I-V characteristic are linear, but 
at higher bias, the superlinear increase is observed. However, the voltage of deviation from 
the linear law is 10–20 V regardless of temperature. It turns out that the current of equilibrium 
electrons and the excess current in the Au/CdZnTe/Au detector are growing approximately 
equally with the temperature. This is confirmed by the fact that the thermal activation energy 
of the crystal Cd0,9Zn0,1Te is 0.74 eV, and the thermal activation energy of the excess current at 
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100 V is also quite high ΔE = 0.65 eV, which causes its significant growth from temperature. 
The voltage dependence of the current, surplus of equilibrium current, found by extrapola-
tion of the linear part of the I-V characteristic at low voltages has a complex form. In the 
voltage range V = 20–40 V the current is rapidly increasing, at high voltages (up to the highest 
voltages), the power ΔI ~V 2,4–2,5 is observed. This behavior of the Au/CdZnTe/Au detector 
characteristics contradicts the SCLC theory. Therefore, the reason for the deviation of the 
current from the linear dependence is the injection of minority charge carriers (holes) due to 
the imperfection of Ohmic contacts.

4. Electrical characteristics of Schottky diodes based on semi-
insulating CdTe single crystals

The section deals with electrical characteristics of Ni/CdTe/Ni X/γ-rays detectors with 
Schottky diodes based on high-resistivity CdTe single crystals (ρ ~109 Ω·сm (300 К)).

The theoretical analysis of experimental results allows identifying and explaining the essential 
features of the charge transport mechanisms depending on the resistivity of the material and 
the parameters of the diode structure, in particular the concentration of uncompensated impu-
rities (defects) and the height of the potential barrier on Schottky contact [21]. According to the 
Sah-Noyce-Shockley theory, the current through the diode is determined by the integration 
of the generation-recombination rate over the whole space charge region (SCR) width [22].

   I  g−r   = Aq  ∫ 0  W      
n (x, V) p (x, V)  −  n  i  2   _______________________    τ  po   [n (x, V)  +  n  1  ]  +  τ  no   [p (x, V)  +  p  1  ]    dx,  (6)

where А is the diode area, q electron charge, W is the width of the SCR, n(x,V) and p(x,V) - are the 
concentrations of charge carriers in the conduction and valence bands, respectively, τno and τpo - 
are the effective lifetimes of electrons and holes in the SCR, and the quantities n1 = Ncexp(−Et/kT) 
and p1 = Nvexp[−(Eg - Et)/kT] are determined by the depth of the generation-recombination level 
Et. The results of calculations of the I–V characteristic, by using formula (6) show that the model 
of generation-recombination processes in the SCR adequately describes not only the current 
dependence on the voltage, but also the temperature induced variations in the Ni/p-CdTe 
Schottky diode I–V characteristic: (1) The reverse current, which has a generation origin, cannot 
vary in a wide range of the material resistivity ρ since this current is governed by the carrier 
lifetime and by the thickness of the SCR, which have no direct relation with a value of ρ. (2) In 
the region of low forward biases, where the dependence I ∝ exp(qV/2kT) – 1 holds, the current 
is governed by the same parameters and, therefore, is also only slightly ρ-dependent. (3) As ρ 
increases, the Fermi level recedes from the valence band; that is, ∆μ increases at the same time 
as φ0 decreases. In this case, the part of the forward branch, where the forward current is propor-
tional to exp(qV/2kT), is increasingly restricted from above, as is observed in the experimental 
curves.
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the spectral distribution of the charge collection efficiency (the value determining the energy 
resolution of the detector) is obtained by dividing the detection efficiency η(hν) by the absorp-
tion capacity of the crystal A(hν) = 1 - exp(−αγd). Figure 4b shows the collection efficiency 
curves ηo(hν) calculated for the different thicknesses of CdTe and voltages at which the cur-
rent is the same as at voltage of 60 V for crystal thickness of 1 mm (3·10−8 A). As seen, when 
the crystal thickness is 4 mm, the charge collection efficiency ηo(hν) in the photon energy 
hν < 100 keV is 90%, while for hν ≈ 1 MeV ηo(hν) is reduced to 77% (Figure 4b). When the crys-
tal thins, the charge collection efficiency is significantly improved reaching a level of 97–98%. 
With the thickness of 0.25 mm the charge collection efficiency is above 97% throughout the 
whole spectral range. However, increasing the charge collection efficiency ηo(hν) with thin-
ning of the crystal is achieved with a significant decrease in the efficiency of detection (regis-
tration) in the range of high-energy photons. A significant increase in the energy resolution 
can be achieved by improving the quality of CdTe crystals and, thus, increasing the lifetime of 
charge carriers. Our calculations show that with increasing the electron lifetime by the order 
of magnitude from 3 × 10−6 s to 3 × 10−5 s, for the crystal thickness of 0.25 mm at voltage that 
corresponds to the current 3 × 10−8 A (10.3 V) the energy resolution in the spectra of all isotopes 
is higher than 99% [20] (Figure 4c).

CdZnTe and CdMnTe-based X/γ-rays Ohmic detectors can have electrical characteris-
tics both similar to presented above and different. This is largely due to the choice of con-
tacts material, the treatment of the crystal surface before contacts fabrication, conditions of 
post-deposition treatment. At low voltage applied to the p-Cd1-xMnxTe (x = 0.3) crystal I-V 
characteristics are linear, but at higher bias a superlinear increase in current is observed 
approximately the same extent at different temperatures. The fact that the voltage depen-
dence of difference between the measured current and a linearly extrapolated current is 
quadratic, which indicates that the observed supernular growth of current is due to by 
space charge limited current (SCLC) according to the Mott-Gurney law [17]. The activation 
energy of the conductivity caused by the equilibrium holes (at V = 10 V) equals to 0.39 еV.  
Attention is drawn to the fact that the energy of acceptor trap at the formation of the SCLC in 
the Ni/CdMnTe contact (at V > 200 V), equal also 0.39 еV, that is, impurity (or defect), respon-
sible for electrical conductivity of material and trap of injected charge carriers clearly have the 
same nature. Therefore, the same activation energy for the current of equilibrium holes and 
the current surplus of equilibrium current confirms the fact that SCLC in the Ni/CdMnTe/Ni 
detector is formed by the injection of majority carriers (holes) from the metal, not by the tunnel 
injection of minority carriers (electrons) as in the case of Pt/CdTe/Pt detectors discussed above.

Cd1-xZnxTe (x = 0.1) n-type crystals with gold Ohmic contacts show other features of superlin-
ear current growth at high voltages. At voltages, lower ~ 10 V I-V characteristic are linear, but 
at higher bias, the superlinear increase is observed. However, the voltage of deviation from 
the linear law is 10–20 V regardless of temperature. It turns out that the current of equilibrium 
electrons and the excess current in the Au/CdZnTe/Au detector are growing approximately 
equally with the temperature. This is confirmed by the fact that the thermal activation energy 
of the crystal Cd0,9Zn0,1Te is 0.74 eV, and the thermal activation energy of the excess current at 
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100 V is also quite high ΔE = 0.65 eV, which causes its significant growth from temperature. 
The voltage dependence of the current, surplus of equilibrium current, found by extrapola-
tion of the linear part of the I-V characteristic at low voltages has a complex form. In the 
voltage range V = 20–40 V the current is rapidly increasing, at high voltages (up to the highest 
voltages), the power ΔI ~V 2,4–2,5 is observed. This behavior of the Au/CdZnTe/Au detector 
characteristics contradicts the SCLC theory. Therefore, the reason for the deviation of the 
current from the linear dependence is the injection of minority charge carriers (holes) due to 
the imperfection of Ohmic contacts.

4. Electrical characteristics of Schottky diodes based on semi-
insulating CdTe single crystals

The section deals with electrical characteristics of Ni/CdTe/Ni X/γ-rays detectors with 
Schottky diodes based on high-resistivity CdTe single crystals (ρ ~109 Ω·сm (300 К)).

The theoretical analysis of experimental results allows identifying and explaining the essential 
features of the charge transport mechanisms depending on the resistivity of the material and 
the parameters of the diode structure, in particular the concentration of uncompensated impu-
rities (defects) and the height of the potential barrier on Schottky contact [21]. According to the 
Sah-Noyce-Shockley theory, the current through the diode is determined by the integration 
of the generation-recombination rate over the whole space charge region (SCR) width [22].
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where А is the diode area, q electron charge, W is the width of the SCR, n(x,V) and p(x,V) - are the 
concentrations of charge carriers in the conduction and valence bands, respectively, τno and τpo - 
are the effective lifetimes of electrons and holes in the SCR, and the quantities n1 = Ncexp(−Et/kT) 
and p1 = Nvexp[−(Eg - Et)/kT] are determined by the depth of the generation-recombination level 
Et. The results of calculations of the I–V characteristic, by using formula (6) show that the model 
of generation-recombination processes in the SCR adequately describes not only the current 
dependence on the voltage, but also the temperature induced variations in the Ni/p-CdTe 
Schottky diode I–V characteristic: (1) The reverse current, which has a generation origin, cannot 
vary in a wide range of the material resistivity ρ since this current is governed by the carrier 
lifetime and by the thickness of the SCR, which have no direct relation with a value of ρ. (2) In 
the region of low forward biases, where the dependence I ∝ exp(qV/2kT) – 1 holds, the current 
is governed by the same parameters and, therefore, is also only slightly ρ-dependent. (3) As ρ 
increases, the Fermi level recedes from the valence band; that is, ∆μ increases at the same time 
as φ0 decreases. In this case, the part of the forward branch, where the forward current is propor-
tional to exp(qV/2kT), is increasingly restricted from above, as is observed in the experimental 
curves.
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The Ni/CdTe/Ni diode structure with Schottky and near-Ohmic contacts at the CdTe(111)A 
and CdTe(111)B surfaces of semi-insulating CdTe single crystals (ρ = (2–4)·109 Ω·сm) dem-
onstrates absence of rectification properties at bias voltages lower than 6–7 V, which can be 
attributed to a very high resistance of the CdTe substrate, that is, the voltage drop across the 
bulk part of the crystal should be taken into account. It should be noted that consideration 
of the voltage drop has strongly modified the shape of the forward I-V characteristic of the 
studied diode structure (Figure 5b) [21, 23]. A sharp increase in the current at higher forward 
bias voltages is attributed to the injection of minority carriers from the Schottky contact into 
the neutral part of the crystal and the modulation of its electrical conductivity, which is 
confirmed by the results of calculations. It should be emphasized that the Ni/CdTe/Ni detec-
tors with Schottky and near-Ohmic contacts demonstrates low reverse current (~10−9 A/cm2 
at 300 К) at high reverse bias due to significant bending on the Ni/CdTe Schottky contact and 
low enough level of minority carrier injection from the near-Ohmic CdTe/Ni contact into the 
neutral part of the diode structure. It should be noted, the generation-recombination Sah-
Noyce-Shockley theory analytically describes the J-V characteristic of the diode structure at 
different temperatures (Figure 5b) [24, 27]. Analysis of the voltage dependence of the differ-
ential resistance Rdiff shows, at forward connection decreases with increasing in the low-bias 
region (Figure 5c). In the voltage range V = 1–3 V, the Rdiff saturates, which means that the 
energy barrier is practically compensated by applied voltage and further voltage drop takes 
place across the bulk part of the diode structure. With further increasing the forward bias 
voltage, a sharp decrease in Rdiff is observed. The value of Rdiff becomes 2–3 orders of magni-
tude less than resistance of the bulk part of the diode Rs. Such lowering of Rdiff is explained 
by injection of electrons (minority carriers) from the forward-biased Schottky contact into the 
bulk part of the crystal and modulation of its resistance (Figure 5a and c). Indeed, at higher 
forward voltage the barrier φo lowers and electron injection in the bulk part of the crystal is 
increasingly enhanced.

Analysis of the reverse J-V characteristic at high-bias voltages that is most important and 
interesting in the application of CdTe diodes as X/γ-ray detectors (V < 600–700 V) shows 
that the reverse current through the diode structure is controlled by the reverse-biased 
Schottky contact. A sublinear rise in the current (it is typical for the generation charge trans-
port mechanism) corresponds to a gradual increase in the differential resistance (Figure 5c). 
However, on exceeding 600–700 V, the differential resistance decreases increasingly and 
then steeply decays at similarly to that at forward connection of the diode at voltages higher 
than a few volts. It can be explained by injection of electrons from the near-Ohmic contact 
into the bulk of the crystal [21, 23, 24] (Figure 5a). With an increase in the current, a fraction 
of the applied voltage, much like for a forward connection of the device, drops across the 
neutral part of the crystal and only a small its fraction drops across the near-Ohmic contact 
on the opposite side of the crystal. Thus, we have come to not at all trivial conclusion that at 
relatively high reverse bias, the processes in the “Ohmic” contact affect the reverse-biased 
Schottky contact on the opposite side of the crystal [15, 21, 23, 24]. A decrease in injection of 
carriers from the near-Ohmic contact in a Schottky diode with Ni/CdTe/Ni electrode con-
figuration is an important way to reduce the leakage current and improve the performance 
of CdTe based X/γ-ray detectors. On increasing the operating voltage at low-leakage cur-
rent allows to enhance the detection efficiency of the device especially in the region of high 
energy of photons.
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5. Detection efficiency of CdTe based X/γ-ray detector

The parameters of crystal and diode structure significantly affect the quantum detection efficiency 
and energy resolution of detectors based on semi-insulating CdTe and Cd0,9Zn0,1Te crystals with 
Schottky diode. In such crystals with deep levels of impurities (defects) in the band gap, the den-
sity of the space charge and the intensity of the electric field grow rapidly near the crystal surface, 
enhanced with the increase in the degree of compensation of the semiconductor (in contrast to the 
Schottky diodes on the semiconductor with shallow impurities levels). Minority charge carriers 
play an insignificant role in the formation of space charge, despite the presence of an inverse 
layer near the surface of the semiconductor. In spite of the features of the formation of SCR in the 
Schottky diodes based on self-compensating semiconductors (which are CdTe and Cd0,9Zn0,1Te 
crystals, doped with Cl or In), the difference between the value of the SCR width, as determined 
by the solution of the Poisson equation, and by means of the known the formula for the Schottky 
diode does not exceed 15–16% even with a high compensation degree, that is, the width of the 
SCR is quite accurately determined by the concentration of uncompensated impurities. The 
charge collection efficiency in X/γ-ray detectors with a Schottky diode essentially depends on 
the carrier lifetime τ. It is important for practice that the charge collection efficiency is noticeably 
lower than 1 when the lifetime is less than 10−8 s, whereas to provide practically the total charge 
collection (99%) in the Ohmic detector the carrier lifetime should be equal to or exceed ∼10−6 s.

The resistivity of CdTe and CdZnTe crystals under study at room temperature are (2–3)·109 
and (3–5)·1010 Ω·сm, respectively. The band gap of the crystals Eg for CdTe equals to 1.47–
1.48 eV, for Cd0,9Zn0,1Te Eg = 1.53 eV at room temperatures. Our studies of the relaxation curves 
of the rise and decay of the photocurrent excited by rectangular pulses of semiconductor 
laser (λ = 782 nm) showed that the lifetimes of the charge carriers in the SCR and in the neu-
tral part of the CdTe crystal differ significantly. In the case of CdTe crystal with two Ohmic 
contacts, the lifetimes of electrons amount to a few microseconds, which is consistent with 
the data presented on the site of Acrorad Co. Ltd. [14]. If the crystal is irradiated through a 

Figure 5. (a) The energy diagram of the forward and reverse biased Ni/CdTe/Ni diode structure shown at the top and 
bottom, respectively. The recombination (Jrec), generation (Jgen) an injection (Jinj) currents are shown by arrows. (b) J-V 
characteristics of the Ni/CdTe/Ni structure at different temperatures. The circles show the measurement results; the lines 
are the results of calculations by Eq. (6). (c) Differential resistance of the detector in a wide range of forward and reverse 
biased. The dashed straight line shows the resistance of the bulk part of the diode structure Rs.
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The Ni/CdTe/Ni diode structure with Schottky and near-Ohmic contacts at the CdTe(111)A 
and CdTe(111)B surfaces of semi-insulating CdTe single crystals (ρ = (2–4)·109 Ω·сm) dem-
onstrates absence of rectification properties at bias voltages lower than 6–7 V, which can be 
attributed to a very high resistance of the CdTe substrate, that is, the voltage drop across the 
bulk part of the crystal should be taken into account. It should be noted that consideration 
of the voltage drop has strongly modified the shape of the forward I-V characteristic of the 
studied diode structure (Figure 5b) [21, 23]. A sharp increase in the current at higher forward 
bias voltages is attributed to the injection of minority carriers from the Schottky contact into 
the neutral part of the crystal and the modulation of its electrical conductivity, which is 
confirmed by the results of calculations. It should be emphasized that the Ni/CdTe/Ni detec-
tors with Schottky and near-Ohmic contacts demonstrates low reverse current (~10−9 A/cm2 
at 300 К) at high reverse bias due to significant bending on the Ni/CdTe Schottky contact and 
low enough level of minority carrier injection from the near-Ohmic CdTe/Ni contact into the 
neutral part of the diode structure. It should be noted, the generation-recombination Sah-
Noyce-Shockley theory analytically describes the J-V characteristic of the diode structure at 
different temperatures (Figure 5b) [24, 27]. Analysis of the voltage dependence of the differ-
ential resistance Rdiff shows, at forward connection decreases with increasing in the low-bias 
region (Figure 5c). In the voltage range V = 1–3 V, the Rdiff saturates, which means that the 
energy barrier is practically compensated by applied voltage and further voltage drop takes 
place across the bulk part of the diode structure. With further increasing the forward bias 
voltage, a sharp decrease in Rdiff is observed. The value of Rdiff becomes 2–3 orders of magni-
tude less than resistance of the bulk part of the diode Rs. Such lowering of Rdiff is explained 
by injection of electrons (minority carriers) from the forward-biased Schottky contact into the 
bulk part of the crystal and modulation of its resistance (Figure 5a and c). Indeed, at higher 
forward voltage the barrier φo lowers and electron injection in the bulk part of the crystal is 
increasingly enhanced.

Analysis of the reverse J-V characteristic at high-bias voltages that is most important and 
interesting in the application of CdTe diodes as X/γ-ray detectors (V < 600–700 V) shows 
that the reverse current through the diode structure is controlled by the reverse-biased 
Schottky contact. A sublinear rise in the current (it is typical for the generation charge trans-
port mechanism) corresponds to a gradual increase in the differential resistance (Figure 5c). 
However, on exceeding 600–700 V, the differential resistance decreases increasingly and 
then steeply decays at similarly to that at forward connection of the diode at voltages higher 
than a few volts. It can be explained by injection of electrons from the near-Ohmic contact 
into the bulk of the crystal [21, 23, 24] (Figure 5a). With an increase in the current, a fraction 
of the applied voltage, much like for a forward connection of the device, drops across the 
neutral part of the crystal and only a small its fraction drops across the near-Ohmic contact 
on the opposite side of the crystal. Thus, we have come to not at all trivial conclusion that at 
relatively high reverse bias, the processes in the “Ohmic” contact affect the reverse-biased 
Schottky contact on the opposite side of the crystal [15, 21, 23, 24]. A decrease in injection of 
carriers from the near-Ohmic contact in a Schottky diode with Ni/CdTe/Ni electrode con-
figuration is an important way to reduce the leakage current and improve the performance 
of CdTe based X/γ-ray detectors. On increasing the operating voltage at low-leakage cur-
rent allows to enhance the detection efficiency of the device especially in the region of high 
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The parameters of crystal and diode structure significantly affect the quantum detection efficiency 
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Schottky diode. In such crystals with deep levels of impurities (defects) in the band gap, the den-
sity of the space charge and the intensity of the electric field grow rapidly near the crystal surface, 
enhanced with the increase in the degree of compensation of the semiconductor (in contrast to the 
Schottky diodes on the semiconductor with shallow impurities levels). Minority charge carriers 
play an insignificant role in the formation of space charge, despite the presence of an inverse 
layer near the surface of the semiconductor. In spite of the features of the formation of SCR in the 
Schottky diodes based on self-compensating semiconductors (which are CdTe and Cd0,9Zn0,1Te 
crystals, doped with Cl or In), the difference between the value of the SCR width, as determined 
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Figure 5. (a) The energy diagram of the forward and reverse biased Ni/CdTe/Ni diode structure shown at the top and 
bottom, respectively. The recombination (Jrec), generation (Jgen) an injection (Jinj) currents are shown by arrows. (b) J-V 
characteristics of the Ni/CdTe/Ni structure at different temperatures. The circles show the measurement results; the lines 
are the results of calculations by Eq. (6). (c) Differential resistance of the detector in a wide range of forward and reverse 
biased. The dashed straight line shows the resistance of the bulk part of the diode structure Rs.
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semitransparent Schottky contact, the laser radiation is absorbed in a thin near-surface layer 
of the SCR and lifetimes of carriers are relatively short (10–20 ns).

Although all crystals had high resistivity and minority carrier lifetime, the diodes showed 
significant differences in the registration of spectra from 137Cs (662 кеВ), 133Ba (356 кеВ), 57Co 
(122 кеВ), 241Am (59 кеВ), 55Fe (5,9 кеВ) isotopes. The CdTe detector was a high resolution 
detector, however the CdZnTe registered the spectra but with lower resolution (Figure 6a). 
At first glance it seems unclear as CdTe inferior in characteristics Cd0,9Zn0,1Te. Obviously, the 
detecting properties of the diode structure are influenced by other characteristics of the mate-
rial. There is an assumption that such a parameter is the SCR width of a Schottky diode, which 
in a compensated semiconductor can be significant. Indeed, in the detector with Schottky 
diode, the SCR itself is an active area of the detector, and its width, of course, is one of the 
most important parameters. Therefore, in compensated semiconductor in addition to the high 
resistivity and long carrier lifetimes that is necessary for high detection efficiency, another 
mandatory requirement to the concentration of uncompensated impurities in the material 
(which determines the SCR width of a Schottky diode) is substantiated.

The detection efficiency spectra of CdTe-based crystals with Schottky diode taking into 
account the drift and diffusion components can be expressed as [25].

  η =   
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Figure 6b shows the detection efficiency spectra of CdTe (Cd0,9Zn0,1Te) crystals with Schottky 
diode at the voltage V = 400 V applied to the detector and different concentrations of uncom-
pensated donors Nd – Na in the material. The results clearly illustrate the fact that the spectra 
of η(hν) can significantly be modified when Nd – Na is changed. If Nd – Na decreases from 1014 
to 1010 cm−3, the detection efficiency of 55Fe (hν = 5.9 kеV) and 241Am (hν = 59.5 kеV) isotopes 
vary almost by 3 and 2 orders of magnitude, respectively. At the same decreasing Nd - Na, 
the detection efficiency of 57Co (hν = 122 kеV) isotope varies within one order of magnitude 
and the detection efficiency of 133Ba (356 kеV) and 137Cs (662 kеV) isotopes vary relatively 
weak. An important feature of the results is that the dependences η(Nd–Na) for all the isotopes 
are described by a curve with maximum (Figure 6c) [6, 10, 11, 25]. As seen, in all cases, the 
detection efficiency rather rapidly increases as the SCR widens starting at high uncompen-
sated impurity concentrations (1015 cm−3). In addition, recombination losses in the SCR also 
increase and ultimately become so significant that the detection efficiency decreases with a 
further increase in Nd – Na. The obtained results for the measurements and calculations show 
that, together with high resistivity, lifetime and mobility of charge carriers, the concentration 
of uncompensated impurities in the range 1011–1013 cm−3 can be considered also necessary 
condition for the efficient operation of X/γ-rays detectors based on CdTe and Cd0,9Zn0,1Te [10, 
11]. It is the concentration of uncompensated impurities of 1012 cm−3 in CdTe crystals made 
it possible to obtain 137Cs radioisotope energy spectrum by an Ni/CdTe/Ni diode detector at 
applied reverse bias voltage of 1200 V with the record values of energy resolution at room 
temperature (2.8 keV of FWHM at 662 keV) (Figure 6c, inset).
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To determine the concentration of uncompensated impurities in crystals of CdTe and 
Cd0,9Zn0,1Te, we compared the detection efficiency with irradiation of the crystal by the 
Оhmic contact side and the Schottky contact side. In the high-energy region of the spec-
trum, in which the absorption coefficient for X/γ-rays (αγ) is small, excitation occurs virtually 
uniformly over the entire crystal volume and the detection efficiency for a crystal with the 
Schottky contact is independent of which side of the detector is irradiated, the side of the 
Schottky contact or the side of the Ohmic contact. This is confirmed experimentally. If a CdTe 
detector with a Schottky contact is subjected to the radiation of the 137Cs isotope, the peak 
height at the photon energy 662 keV (αγ ≈ 0.1 cm−1) is practically the same when different 
sides of the sample are irradiated, the side of the Schottky contact or the side of the Ohmic 
contact. If the isotope 55Fe is used (αγ ≈ 4000 cm−1), the peak height in the case of irradiation of 
the Schottky contact side is by two orders of magnitude, than that in the case of irradiation of 
the Ohmic contact side, as is shown in Figure 6a (inset) [11]. This is accounted for by the fact 
that, at αγ ≈ 4000 cm−1, the effective depth of radiation penetration into the material is smaller 
than 1 μm, therefore, in the case of irradiation of the Ohmic contact side, a significant por-
tion of electrons, which appeared as a result of γ-photon absorption, do not reach the SCR 
by diffusion [17]. Evidently, in this case, the peak height greatly depends on the SCR width 
and, consequently, on the concentration of uncompensated impurities in the semiconductor, 
which can be used to determine the value of Nd – Na. Thus, there is a significant difference 
between the concentrations of uncompensated impurities in CdTe and Cd0,9Zn0,1Te crystals, 
which are used in the fabrication of X/γ-rays detectors. The concentration of uncompensated 
impurities is ~(1–3) × 1012 cm−3 for CdTe crystals and (1–5) × 108 cm−3 (i.e., four orders of 
magnitude lower) for Cd0,9Zn0,1Te crystals [11]. The low concentration of uncompensated 
impurities (108–109 сm−3) is the reason for the unsatisfactory detectivity of Cd0,9Zn0,1Te detec-
tors regardless of a fully acceptable resistivity of crystals (> 109 Ω·сm) and the lifetime of 
charge carriers (> 10−6 s) [10].

Figure 6. (a) Spectra of 133Ba isotope taken with Schottky diode detectors based on CdTe and at V = 500 V. The inset 
shows the emission spectra of the 55Fe isotope measured by a CdTe detector with a Schottky contact under irradiation of 
different sides of the sample. (b) Detection efficiency spectra of CdTe-based detector with Schottky diode calculated for 
different concentrations of uncompensated donors Nd – Na. (c) Normalized detection efficiency of different isotopes as 
a function of Nd – Na. The inset shows the typical 137Cs radioisotope energy spectrum detected by an Ni/CdTe/Ni diode 
detector.
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semitransparent Schottky contact, the laser radiation is absorbed in a thin near-surface layer 
of the SCR and lifetimes of carriers are relatively short (10–20 ns).

Although all crystals had high resistivity and minority carrier lifetime, the diodes showed 
significant differences in the registration of spectra from 137Cs (662 кеВ), 133Ba (356 кеВ), 57Co 
(122 кеВ), 241Am (59 кеВ), 55Fe (5,9 кеВ) isotopes. The CdTe detector was a high resolution 
detector, however the CdZnTe registered the spectra but with lower resolution (Figure 6a). 
At first glance it seems unclear as CdTe inferior in characteristics Cd0,9Zn0,1Te. Obviously, the 
detecting properties of the diode structure are influenced by other characteristics of the mate-
rial. There is an assumption that such a parameter is the SCR width of a Schottky diode, which 
in a compensated semiconductor can be significant. Indeed, in the detector with Schottky 
diode, the SCR itself is an active area of the detector, and its width, of course, is one of the 
most important parameters. Therefore, in compensated semiconductor in addition to the high 
resistivity and long carrier lifetimes that is necessary for high detection efficiency, another 
mandatory requirement to the concentration of uncompensated impurities in the material 
(which determines the SCR width of a Schottky diode) is substantiated.

The detection efficiency spectra of CdTe-based crystals with Schottky diode taking into 
account the drift and diffusion components can be expressed as [25].
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are described by a curve with maximum (Figure 6c) [6, 10, 11, 25]. As seen, in all cases, the 
detection efficiency rather rapidly increases as the SCR widens starting at high uncompen-
sated impurity concentrations (1015 cm−3). In addition, recombination losses in the SCR also 
increase and ultimately become so significant that the detection efficiency decreases with a 
further increase in Nd – Na. The obtained results for the measurements and calculations show 
that, together with high resistivity, lifetime and mobility of charge carriers, the concentration 
of uncompensated impurities in the range 1011–1013 cm−3 can be considered also necessary 
condition for the efficient operation of X/γ-rays detectors based on CdTe and Cd0,9Zn0,1Te [10, 
11]. It is the concentration of uncompensated impurities of 1012 cm−3 in CdTe crystals made 
it possible to obtain 137Cs radioisotope energy spectrum by an Ni/CdTe/Ni diode detector at 
applied reverse bias voltage of 1200 V with the record values of energy resolution at room 
temperature (2.8 keV of FWHM at 662 keV) (Figure 6c, inset).
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that, at αγ ≈ 4000 cm−1, the effective depth of radiation penetration into the material is smaller 
than 1 μm, therefore, in the case of irradiation of the Ohmic contact side, a significant por-
tion of electrons, which appeared as a result of γ-photon absorption, do not reach the SCR 
by diffusion [17]. Evidently, in this case, the peak height greatly depends on the SCR width 
and, consequently, on the concentration of uncompensated impurities in the semiconductor, 
which can be used to determine the value of Nd – Na. Thus, there is a significant difference 
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6. CdTe-based Schottky diode X-ray detectors for medical imaging

In the section the possibilities of using diode structures based on relatively low resistivity 
p-CdTe and n-CdTe (ρ = 103–104 Ω·сm), and polycrystalline CdTe in direct-conversion digital 
flat-panel X-ray image detectors are discussed.

Investigation of electrical properties, charge collection processes and the spectral distribution 
of the detection efficiency of X/γ-ray detectors based on CdTe with relatively low resistiv-
ity and Schottky contact confirm that their characteristics are generally inferior to techno-
logically more complicated detectors with diodes Schottky based on semi-insulating CdTe. In 
particular, the currents of Schottky diodes under study are rather small for this type of diode 
structures—about 1 nA with a contact area of 3.5 mm2. The current are determined by the 
generation-recombination in the SCR according to the Sah-Noyce-Shockley theory [22, 26].

The total detection efficiency for a detector utilizing a Schottky diode is the sum of the drift 
and diffusion components [27, 28]. As shown in Figure 7a, the contribution of the diffusion 
component to the total efficiency of the detector is quite important at τp = 10−6 s and in the case 
of high-energy photons (i.e., at lower absorption coefficients) it is dominant. The efficiency 
of charge collection of the X/γ-rays detector with the Schottky diode substantially depends 
on the lifetime of charge carriers τ and concentration of uncompensated donors Nd - Na 
(Figure 7b, inset). If Nd - Na value is ~1014 сm−3, in order to ensure a practically complete charge 
collection (>99%), the lifetime of the carriers should equal or exceed ~10−7 s. If Nd - Na ≈ 1016 
см−3, the lifetime of charge carriers should not exceed 10−9 s, which is quite real when using 
even poor quality CdTe crystals. For X-ray examination of a breast, in the photon energy 
region hν < 30 keV n-type CdTe detector is more acceptable (Figure 7b). However, for X-ray 
examination of a chest (hν > 50 keV) p-CdTe should be chosen (Figure 7c). The detection effi-
ciency of X-ray in the Al/p-CdTe diode structure at the maximum possible electron lifetime (a 
few microseconds) is 50–70 and 20–40% in the photon energy ranges of 20–30 and 50–80 keV, 
respectively (Figure 7c). Such characteristics seem to be acceptable for mammography and 
chest radiography.

The use of a stacked CdTe detector with a Schottky diode, which is already practiced, can 
significantly improve the detecting efficiency of the device especially in the high-energy range 
of the spectrum. In the energy range ~100 keV the efficiency of a stacked detector is greater 
than that of a single layer detector [28]. The highly developed technology of the deposition 
of polycrystalline CdTe layers of large area with a surface-barrier structure in solar cells can 
be adapted to the fabrication of flat-panel X-ray image detectors. The presence of a barrier 
structure in the relatively low resistivity CdTe (ρ = 104–106 Ω·cm) provides a low-leakage 
(dark) currents comparable with those in a-Se photoconductors (ρ = 1012 Ω·cm at 300 K). In 
a CdTe diode structure, virtually full charge collection occurs independently of the applied 
voltage at the carrier lifetime τ > 10−7 s and uncompensated impurity concentration higher 
than 1014 cm−3. Electric field concentration in the space charge region of a barrier structure 
eliminates the problem of the collection of charge generated by X-ray photon absorption 
(there is no need to increase the operating voltage up to several kiloelectronvolts as in the 
case of a-Se photoconductors).
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7. Conclusions

1. The unconventional peculiarities, which are important from scientific and practical points 
of view, have been revealed by the experimental studies of the temperature dependences 
of resistivity and Fermi level energy of semi-intrinsic Cd0,9Zn0,1Te:In and CdTe:Cl crystals 
used for fabrication of X/γ-ray detectors: (i) the material can be semi-insulating when the 
compensation degree of a deep impurity level located near the middle of the band gap 
is around 0.5 (in this case, the Fermi level is pinned); (ii) if the impurity level is not close 
to the middle of the band gap, the semi-insulating condition is reached at low or high 
compensation degree (in this case, the Fermi level position strongly depends on the tem-
perature T and activation energy ΔE can be significantly higher than one-half of the band 
gap at T → 0 K as it takes place in an intrinsic semiconductor). Among other things, this 
can lead to inversion of the conductivity type of the semiconductor as the temperature 
varies during climatic operation of a device that leads to qualitative changes of the electric 
properties of both Schottky and Ohmic contacts in X/γ-ray detectors.

2. The features of operation of X/γ-ray detectors based on Cd(Zn, Mn)Te crystals with two 
Ohmic contacts have been established and ways to improve their energy resolution have 
been determined by comprehensive investigation of the electrical characteristics and quan-
tum efficiency of detectors: (i) in the CdTe detector a rapid rise of the current with increas-
ing voltage higher than 6–8 V for the crystal thickness of 1 mm is caused by the SCLC. A 
distinctive feature of the current is its temperature independence because the mechanism 
of injection of charge carriers is tunneling through the thin insulating film between the 
crystal and metal contact; (ii) thermoelectric cooling, commonly used for CdTe Schottky 
diode detectors, does not provide the desired result since it leads to a decrease in leakage 

Figure 7. (a) The drift ηdrift and diffusion ηdif components of the detection efficiency in the Schottky diode and their sum 
η. (b) Comparison of the total detection efficiency of the n- and p-CdTe-based Schottky diodes with the carrier lifetime 
10−9 s. The inset shows the correlation between the charge-carrier lifetime τ and concentration of uncompensated donors 
Nd - Na at which the collection of 99 and 95% charge carriers photogenerated at the interface between the depleted region 
and neutral part of the diode structure (x = W) is achieved at V = −100 V. (c) The detection efficiency of the Ni/n-CdTe and 
Al/p-CdTe diodes calculated for the uncompensated impurity concentration of 1016 cm−3 and carrier lifetime τ = 3 × 10−6 s. 
The photon energy ranges which are used for diagnostics of breast and chest are shown by shading.
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component to the total efficiency of the detector is quite important at τp = 10−6 s and in the case 
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current no more than 2–3 times when the temperature lowers from 300 to 260–270 K, and 
further cooling loses its meaning; (iii) with thinning the semiconductor crystal, the ratio 
between the carrier drift length and crystal thickness increases that improves the efficiency 
of charge collection at relatively low bias voltage; (iv) in the CdZnTe and CdMnTe detec-
tors under study, a rapid rise of the current with increasing voltage and temperature due 
to injection of charge carriers is observed, so these crystals are not suitable for fabrication 
of X/γ-ray detectors; (v) a significant increase in the energy resolution can be achieved 
by improving the quality of Cd(Zn, Mn)Te crystals and, as a result, increasing the charge 
carrier lifetime.

3. The key results have been obtained from the investigation of the electrical characteristics 
of the Ni/CdTe/Ni structures with a Schottky contact based on CdTe:Cl crystals with nearly 
intrinsic conductivity: (i) the I-V characteristics of the Schottky diode structure with low 
reverse leakage current at high-bias voltages can be quantitatively described in terms of 
the known physical models: the generation-recombination in the SCR, the processes under 
conditions of strong electric fields and currents limited by space charge; (ii) a rapid rise of 
the current at high direct voltages due to injection of minority carriers from the Schottky 
contact to the neutral part of the crystal and the modulation of its conductivity; (iii) at 
relatively high reverse bias, the processes in the “Ohmic” contact on the opposite side of 
the crystal affect the reverse-biased Schottky contact.

4. The investigation results, obtained for Schottky diode detectors based on CdTe and 
Cd0.9Zn0.1Te crystals with high resistivity (∼109–1010 Ω·cm) and minority carrier lifetime 
(∼10−6 s) and demonstrating significant differences in detection of the spectra from 241Am, 
57Co, 133Ba and 137Cs isotopes, have shown a correlation between the low concentration 
of uncompensated donors and poor detection efficiency of the Cd0.9Zn0.1Te detectors with 
quite acceptable resistivity and carrier lifetime. The conducted measurements and calcula-
tions show that the concentration of uncompensated impurities in the range from 3 × 1010 to 
3 × 1012 cm−3 is yet another obligatory condition for effective operation of X/γ-ray Schottky 
diode detectors based on CdTe and Cd1−xZnxTe crystals.

5. The important conclusions about application of the CdTe layers with a Schottky contact 
in direct-conversion flat-panel X-ray image detectors have been established based on 
the research results of the electrical and detection characteristics of the fabricated diode 
structures: (i) the highly developed technology of the deposition of polycrystalline CdTe 
layers of large area with a surface-barrier structure in solar cells can be adapted to the 
fabrication of flat-panel X-ray image detectors. The presence of a barrier structure in the 
relatively low resistivity CdTe (ρ = 104–106 Ω·сm) provides low-leakage (dark) currents 
comparable with those in a-Se photoconductors (ρ = 1012 Ω·сm 300 K); (ii) electric field 
strength in the space charge region of a barrier structure eliminates the problem of the 
collection of charge generated by X-ray photon absorption. In a CdTe diode structure, 
virtually full charge collection occurs independently of the applied voltage at the carrier 
lifetime τ > 10−7 s and uncompensated impurity concentration higher than 1014 cm−3; (iii) the 
detection efficiency of X-rays in the Al/p-CdTe diode structure at the maximum possible 
electron lifetime (a few microseconds) is 50–70 and 20–40% in the photon energy ranges 
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of 20–30 and 50–80 keV, respectively. Such characteristics seem to be acceptable for mam-
mography and chest radiography.
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“Everything should be made as simple as possible, but not simpler.”

--- Albert Einstein

Abstract

Many reports about the biological effects of the Fukushima nuclear accident on vari-
ous wild organisms have accumulated in recent years. Results from field-based labora-
tory experiments using the pale grass blue butterfly have clearly demonstrated that this 
butterfly is highly sensitive to “low-dose” internal exposure from field-contaminated 
host-plant leaves. These experimental results are fully consistent with the filed-collection 
results reporting high abnormality rates. In contrast, this butterfly is highly resistant 
against the internal exposure to chemically pure radioactive cesium chloride under labo-
ratory conditions. To resolve this field-laboratory paradox, I propose that the field effects, 
which are a collection of indirect effects that work through different modes of action than 
do the conventional direct effects, play an important role in the “low-dose” exposure 
results in the field. In other words, exclusively focusing on the effects of direct radiation, 
as predicted by dosimetric analysis, may be too simplistic. In this chapter, I provide a 
working definition and discuss the possible variation in the field effects. I include an 
example on the misunderstanding of the field effects In the United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR) 2017 Report. Lastly, I discuss 
a theoretical application of the butterfly model to humans.
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1. Introduction

In terms of economic loss, the Fukushima nuclear accident that occurred in 2011 and the 
Chernobyl nuclear accident that occurred in 1986 are the worst nuclear accidents in the history 
of mankind [1]. Although considerable research results have accumulated for the Chernobyl 
disaster, there are still considerable debates concerning its biological effects [2–4]. The rea-
sons for these disagreements among researchers are likely multifaceted, but one reason stems 
from the fact that the Chernobyl nuclear accident occurred in the former Soviet Union, which 
made it difficult for international researchers to easily access the contaminated areas and the 
critical data. In addition, some important tools and methods for biological analyses, such as 
those for genomic analysis and computational applications, were not yet available at that 
time. Considering these points, the Fukushima nuclear accident is the first historical case in 
which researchers have been politically and technically allowed to perform field work and 
laboratory experiments after such a major nuclear accident. In other words, scientists working 
in the second decade of the twenty-first century are responsible for correctly evaluating the 
biological effects of the Fukushima nuclear accident.

Because of the large-scale nature of the accident, many research questions have been devel-
oped for studies on the biological consequences of the accident at the ecological, organismal, 
and molecular levels [5]. However, the most important question is to determine how severe 
the biological impacts from the accident are. This is different from questions that investigate how 
severe the biological impacts from radiation exposure (or, more precisely, effective radiation 
doses) are. That is, the direct impacts from the exposure to radiation are possibly only one 
type of the impacts from the accident. However, many researchers have tried to understand 
the biological impacts of the Fukushima nuclear accident by exclusively studying the effective 
doses based on radiation dosimetry. And dosimetric data are often exclusively used for risk 
assessment and management. The idea behind this approach is that radioactivity (and its 
direct exposure) is the sole “pollutant” that causes any biological impacts. There is no ques-
tion that radiation doses are important; however, this cannot justify the exclusion of other 
factors that may cause more powerful effects on biological systems.

Another important presumption of using the dosimetric approach to determine biological 
impacts is that researchers completely understand the system in question (at least at first), 
enabling a precise level of prediction of the biological impacts that often reference the recom-
mendations and mathematical simulations of the International Commission of Radiological 
Protection (ICRP) (e.g., [6–8]). That is, it is presumed that reference levels of the effects of 
radiation exposure on certain organisms such as humans are completely known and these 
references are credible and applicable to the case of the Fukushima nuclear accident. It is to 
be understood that the reference levels are just for protection purposes only as experience-
based values to balance risk and benefit for residents, patients, workers, and researchers. 
Nonetheless, it can be said that dosimetric predictions mostly take a we-know-all approach 
regardless of researchers’ awareness. Although there are many studies that support these 
reference levels, some dosimetric studies for the Fukushima nuclear accident often lack efforts 
to perform or incorporate field and laboratory studies that look for possible phenotypic and 
genetic effects; in other words, these studies often appear to conclude that such field and 
laboratory experiments are not necessary because the system has already been known well.
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In contrast, the biological and ecological approach may be called a we-know-little approach; in 
other words, the biological impacts of the accident reflect the things that we do not know well, 
and these are the topics that should be evaluated in field work and laboratory experiments in 
the real world. For example, studies using the biological approach may admit that organisms 
face many different stress conditions in the wild, and they are found in unique positions in 
the ecological network; as a result, sometimes unexpected consequences in terms of an organ-
ism’s response to pollutants may be observed.

As discussed in the next section, we have been using the pale grass blue butterfly for Fukushima 
research since 2011; research began immediately after the Fukushima nuclear accident [9]. 
One of the most important types of experiments in the research on the pale grass blue but-
terfly in Fukushima is the so-called the internal exposure experiment. In this experiment, 
the field-collected host-plant leaves, which are contaminated at various levels (judged by the 
radiation levels of 137Cs and 134Cs), were given to butterfly larvae collected from the least-
contaminated area, i.e., Okinawa (approximately 1700 km southwest of the Fukushima Dai-
ichi Nuclear Power Plant); these experiments resulted in high mortality and abnormality rates 
[9–12]. These results support the field reports of high rates of abnormality [9, 13–15]. A muta-
genesis study of this butterfly produced similar phenotypes [16], and the effects on body size 
detected in the first paper [9] were also supported by the field and experimental results [17]. 
Although these field and experimental results may be surprising in light of the conventional 
view of radiation biology and physics, the experimental procedures were rigorous enough to 
support these conclusions [18].

Furthermore, in recent years, many field reports have accumulated on the possible effects 
on various organisms [5], and these are consistent with our results. Such studies include 
the bird and arthropod populations [19–21], gall-forming aphids [22], Japanese monkey [23, 
24], barn swallow [25], goshawk [26], rice plant [27, 28], fir tree [29], red pine tree [30], and 
intertidal species populations including the rock shell [31]. Furthermore, the possible changes 
induced by the nuclear accident have been reported at the biochemical level. For example, 
stress responses in cattle may have been induced in contaminated areas [32]. Changes in gene 
expression have been reported in the small intestine of pigs [33]. Other reported cases include 
DNA damage in bovine lymphocytes [34], enhanced spermatogenesis [35], and chromosomal 
aberrations [36, 37] in large Japanese field mice; however, there are reports in which mamma-
lian testes collected from bull, bore, Inobuta, and large Japanese field mice in the contaminated 
area did not show any noticeable abnormalities [38–40].

In contrast, one of the most recent results of ours came from a series of similar internal 
exposure experiments in which radioactive 137Cs was supplied to larvae as a form of 
chemically pure cesium chloride solution in an artificial diet; however, the results have 
not yet been published. It is likely that the pale grass blue butterfly is highly resistant 
to internal irradiation alone, as expected from the conventional understanding of insects’ 
high resistance to irradiation. This discrepancy between the two systems may be called the 
field-laboratory paradox. The difference between the two systems is clear. The former system 
used contaminated leaves from the real world, while the latter system used an “ideal” 
pure source of cesium chloride in an artificial diet. I conclude that the latter system is not 
entirely relevant to the case of the Fukushima nuclear accident, and the former system 
may be heavily influenced by several different modes of the indirect field effects that are 
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not well known to researchers. A similar situation has already appeared in mammals and 
aphids. An experiment on internal 137Cs irradiation in mice did not indicate any detect-
able change in the litter size and sex ratio [41]; in contrast, at least some of the field data 
have suggested adverse effects in mammals, as discussed above. Striking morphological 
abnormalities of aphids reported from the polluted areas [22] were not reproduced in the 
process of embryogenesis and egg hatching by irradiation experiments, although a change 
in developmental time was detected [42].

Precise dosimetric analysis of larvae may provide additional information that satisfies dosime-
trists; however, dosimetric analysis does not play a major role in reaching the conclusions 
stated above if the radioactivity concentration of the diet is known to us. What is important is 
the fact that the same experimental system was employed in studies of the pale grass blue but-
terfly; the two experiments simply used different types of food, i.e., either the field-harvested 
contaminated leaves or the artificial diet containing 137Cs. Moreover, the results from the for-
mer experiment are fully supported by the field work. Based on the butterfly case and the 
mammalian case discussed above, this kind of field-laboratory paradox is likely widespread 
among organisms of various taxa. Indeed, a literature survey showed that the controlled labo-
ratory effects and field effects were very different in terms of their sensitivity levels; the field 
cases from Chernobyl were eight times more sensitive than the laboratory-controlled external 
irradiation cases [43].

Undoubtedly, dosimetric analysis provides a different level of insight. For example, the 
inferred genetic mutations that are heritable over generations in this butterfly [9] are likely 
caused by the high-level acute exposure immediately incurred after the accident rather than 
by the low-level chronic exposure [12, 44, 45]. To evaluate these effects, it is important to 
dosimetrically understand the absorbed doses of the butterfly at the initial time of the event.

In this chapter, I will discuss several important issues associated with “low-dose” radia-
tion exposure and field effects; additionally, I propose the importance of non-dosimetric 
studies in conjunction with conventional dosimetric studies. Borrowing the famous phrase 
from Shakespeare’s Hamlet, researchers who engage in the biological consequences of the 
Fukushima nuclear accident may consider the following: “To be or not to be (i.e., dosimetry), 
that is the question.” However, the answer is clear: both approaches are necessary to advance 
this scientific field to a higher level. In other words, the final answer to this question is “to be 
and not to be.” I believe that this is the only way to reveal a holistic picture of the biological 
impacts of the Fukushima nuclear accident, which would serve as a basis for risk assessment 
and management of nuclear pollution.

2. The pale grass blue butterfly: a versatile indicator

Multiple biological approaches should be used to understand the real-world phenomena 
resulting from the Fukushima nuclear accident. Furthermore, to understand biological phe-
nomena in general, it is customary for biologists to concentrate on a few surrogate species or 
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model species. For example, in developmental genetics, the fruit fly Drosophila melanogaster is 
an important model species [46]. In conservation biology, many types of surrogate species are 
often proposed, including indicator, umbrella, keystone, and flagship species, to evaluate the 
quality of the natural environment [47]. The simultaneous use of multiple indicator species 
from different taxonomic groups is generally favorable [47] but may be difficult in practice. To 
understand biological impacts of the Fukushima nuclear accident, studies that use indicator 
species are likely required.

If only a single (or a few) species is used in biological studies of the Fukushima nuclear acci-
dent, the pale grass blue butterfly is one of the ideal systems of choice in that it is associated 
with (and almost dependent on) the living environment of humans; as a result, the butterfly 
reflects the health of the human environment [12, 44, 45, 48]. Using this butterfly, efficient field 
work can be performed, and relatively fast and precise experiments can be performed in the 
laboratory [49, 50]. Other advantages of using this butterfly have been discussed elsewhere 
[12, 44, 45, 48].

It should be noted that using nonhuman model organisms to obtain information relevant to 
humans is not a novel approach in biomedical sciences. In fact, it is a common practice to use the 
fruit fly and even yeast to infer the molecular mechanisms of human diseases. The fruit fly is used 
not because it is the invertebrate most similar to humans but because it is practically useful for 
experimental manipulation. This model organism approach to human-related research is valid 
because, at the molecular level, there are many commonalities among organisms. Furthermore, 
as discussed in Taira et al. [12] and Otaki [48], radiation effects are molecular events. DNA may 
be damaged “directly” by radiation or “indirectly” by other ionized molecules, such as water 
(note that the usage of “direct” and “indirect” here is different from the terminology discussed 
in most parts of this chapter). The molecular-level ionizing mechanisms are universal in all 
organisms, including humans and this butterfly species. In this sense, the butterfly data are 
applicable to humans. Likely, the unconventional field effects that are discussed below may also 
occur in universal molecular events. Thus, the field effects that were detected in the butterfly 
are also likely applicable to humans, at least to some extent; however, the precise mechanistic 
understanding of the field effects on the molecular events is still unclear.

In contrast to the uniform molecular markings found in many organisms, the manifestation 
of these effects (i.e., phenotypic effects) may be very different among species. In butterflies, 
morphological abnormalities such as leg and wing deformation are relatively frequent; 
however, no suitable counterpart of this phenotypic effect can be identified in humans. Such 
organismal-level phenotypic effects (i.e., disease manifestations) in humans are not readily 
inferable from butterfly data.

3. Targeted and nontargeted effects

The dosimetric approach often states that ionizing radiation targets DNA directly or indirectly 
through the ionization of water molecules (hence, they are called targeted effects) and that the 
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degree of DNA damage is linearly reflected in the biological consequences. These statements 
mean that biological effects can be predicted by the effective dose. Although this approach 
is widely accepted and utilized for assessing the biological impacts of nuclear disasters, the 
approach entirely ignores other potential molecular pathways and dismisses the complexity 
of the biological and ecological responses to the various known and unknown materials that 
are released from nuclear reactors.

In contrast to the conventional targeted effects, the last two decades have experienced a surge 
of nontargeted effects of ionizing radiation [51–56]. The nontargeted effects include bystander 
effects, genomic instability, adaptive responses, and other modes, and these nontargeted 
effects are likely caused by the reactive oxygen species produced by irradiation [51–56]. In this 
sense, the nontarget effects may be referred to as the indirect effects (note that in this chapter, 
nontargeted effects are classified into the same category as the direct effects as a matter of 
convenience to some extent). In terms of the nontargeted effects, it is important to remember 
that they are not readily predictable by doses, and many of them are latent. Therefore, the 
nontarget effects may not be detected in acute irradiation experiments, but they may manifest 
in the field. Furthermore, the field-laboratory paradox discussed above may have originated, 
at least partly, from the influence of the nontargeted effects in the field. In fact, the nontar-
geted effects, such as genomic instability, may have played significant roles in the observed 
increase in butterfly morphological abnormalities in the fall of 2012 [9, 13].

However, even the nontarget effects may not adequately explain the all effects that manifest 
in the field. For example, there could be possible nonradioactive by-products released from a 
reactor and naturally occurring nonradioactive materials that are “activated” by the radioac-
tive materials released from a reactor. There may also be ecological interactions that could 
amplify small irradiation effects to larger levels throughout a food web. These possibilities 
may be potential sources of the field effects (or more precisely, field-specific effects), which would 
not be observed in controlled laboratory experiments that use an artificial source of radiation, 
such as 60Co and chemically pure 137Cs. However, these field-specific effects should not be 
confused with (or dismissed as) confounding factors because these field effects are elicited 
by the nuclear accident. Similarly, nontargeted effects do not have to be field-specific effects; 
nontargeted effects may be observed in controlled laboratory experiments that use an artifi-
cial radiation source and a simple biological system, such as a cell culture system. In other 
words, the nontargeted effects may be uncovered with conventional radiation biology, which 
investigates universal mechanisms of radiation effects, but the field-specific effects may be 
uncovered with pollution biology, which investigates the real-world phenomena; however, 
these two fields cannot be separated in a meaningful way in the case of nuclear accidents.

In this chapter, I refer to both the conventional targeted effects and the nontargeted effects as 
the “direct” effects (or “primary” effects) (Figure 1); however, in some literature, the nontar-
geted effects or one mode of the nontargeted effect are referred to as the indirect effects. It is 
understood that laboratory-based controlled irradiation experiments, irrespective of high or 
low doses, primarily examine the direct effects of ionizing radiation. In contrast, as mentioned 
above, other potential unconventional indirect effects of nuclear pollution are collectively 
called the field effects (Figure 1) [48, 57]. The field effects are often dependent on a biological 
(including ecological) context.
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4. Field effects (1): synergistic effects

The biological indirect effects are a collective expression of all biological effects of the nuclear 
accident excluding the effects of the direct radiation exposure. Because any wild biological 
system has diverse and complex relationships with biological and chemical species, there are 
numerous indirect pathways that can affect organisms. Below, the field effects are roughly 
categorized into three groups: synergistic effects, effects from particulate matters, and eco-
logical effects (Figure 2).

Figure 1. Possible effects of the explosion of the Fukushima Dai-ichi Nuclear Power Plant. (a) Overall pathways. The 
Fukushima Dai-ichi Nuclear Power Plant released radionuclides as well as non-radionuclides that may not be fully 
identified. They interact with each other, and they also interact with environmental substances. Environmental 
substances could be natural (biotic or abiotic) or anthropogenic. The collective outputs of these interactions manifest 
as biological effects. The illustration of a nuclear power plant was obtained from a free illustration site called Icon-
rainbow (http://icon-rainbow.com/). (b) Multifaceted radiation effects. Released substances may be radionuclides or 
non-radionuclides, and they may be soluble or insoluble as particulate matter. Physicochemically, ionizing radiation has 
direct or indirect effects on the major biological target, i.e., DNA. However, both types of effects may be considered as 
biological direct (or primary) effects. In contrast, there are multiple biological indirect (i.e., secondary) effects, depending 
on the context from which the organism in question faces. The latter is often field-specific, and thus called the field-
specific effects (or simply the field effects).
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degree of DNA damage is linearly reflected in the biological consequences. These statements 
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effects are likely caused by the reactive oxygen species produced by irradiation [51–56]. In this 
sense, the nontarget effects may be referred to as the indirect effects (note that in this chapter, 
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4. Field effects (1): synergistic effects

The biological indirect effects are a collective expression of all biological effects of the nuclear 
accident excluding the effects of the direct radiation exposure. Because any wild biological 
system has diverse and complex relationships with biological and chemical species, there are 
numerous indirect pathways that can affect organisms. Below, the field effects are roughly 
categorized into three groups: synergistic effects, effects from particulate matters, and eco-
logical effects (Figure 2).

Figure 1. Possible effects of the explosion of the Fukushima Dai-ichi Nuclear Power Plant. (a) Overall pathways. The 
Fukushima Dai-ichi Nuclear Power Plant released radionuclides as well as non-radionuclides that may not be fully 
identified. They interact with each other, and they also interact with environmental substances. Environmental 
substances could be natural (biotic or abiotic) or anthropogenic. The collective outputs of these interactions manifest 
as biological effects. The illustration of a nuclear power plant was obtained from a free illustration site called Icon-
rainbow (http://icon-rainbow.com/). (b) Multifaceted radiation effects. Released substances may be radionuclides or 
non-radionuclides, and they may be soluble or insoluble as particulate matter. Physicochemically, ionizing radiation has 
direct or indirect effects on the major biological target, i.e., DNA. However, both types of effects may be considered as 
biological direct (or primary) effects. In contrast, there are multiple biological indirect (i.e., secondary) effects, depending 
on the context from which the organism in question faces. The latter is often field-specific, and thus called the field-
specific effects (or simply the field effects).
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First, synergistic effects with other environmental factors, including climate conditions and 
chemical stressors, may exist in the wild. When an organism experiences stress from a single 
source, the stress may be managed relatively well; however, when stress is imposed by two 
different sources, the harmful effects may be synergistically enhanced beyond their indi-
vidual actions. In laboratory conditions, the “climate” conditions are usually constant, and 
additional stressors are not usually provided; thus, synergy is often difficult to predict using 
conventional irradiation experiments alone. Logically, the synergistic effects of radiation 
exposure and other stressors have been an important topic in radiation biology [52, 53, 58–61]. 
However, in my opinion, such synergistic stress effects have not been fully appreciated in 
radiation biology. Importantly, synergistic stress effects are not limited to exposure to radia-
tion. Here, I briefly discuss two examples that may be insightful for this line of discussion.

A discrepancy has been recognized between the laboratory and field results in phenotypic 
plasticity studies. In an authoritative textbook, Gilbert and Epel [62] stated the following: 
“Phenotypic plasticity means that animals in the wild may develop differently than those in 
the laboratory” and “This has important consequences when we apply knowledge gained 
in the laboratory to a field science such as conservation biology.” One specific example pro-
vided in the textbook states that some frog tadpoles are up to 46 times more sensitive to 
pesticides in the presence of predators that release chemicals in the wild than they are in 
the laboratory [63, 64]. The conclusion stated that “ignoring the relevant ecology can cause 
incorrect estimates of a pesticide’s lethality in nature” [63]. I believe that the same principle 
applies to radioactive materials from nuclear reactors.

Another insightful case was reported in the epidemic caused by the bacterium Clostridium dif-
ficile [65, 66]. For this bacterial epidemic outbreak to occur in North America and Europe, the 
widespread use of a food additive, trehalose, played a crucial role. Infected mice had higher 
mortality rates when fed food that contained trehalose [66]. Without the trehalose-rich envi-
ronment that newly emerged in this century, the deadly endemic would not have occurred. 

Figure 2. Four possible types of effects on the larvae of the pale grass blue butterfly (green bars). Molecular ionization is 
the direct (i.e., primary) effect, while the other three modes (synergistic stress, particulate matter, and plant chemicals) 
are biological indirect (i.e., secondary) field effects.
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Although trehalose alone may not be a significant stressor, this case illustrates an example of 
an unexpected synergistic interaction between toxic substances that were otherwise benign 
environmental chemicals.

5. Field effects (2): particulate matter

Second, what was released from the Fukushima nuclear reactors was a plume of materials 
that caused particulate air pollution; regardless of whether these particulates were radioactive, 
the released materials were dispersed as atmospheric aerosols [67, 68]. There is no question 
that atmospheric aerosols cause respiratory and cardiovascular diseases in humans [69–72]. 
Indeed, natural radon attaches to air dust, and when this dust is inhaled, it is believed to 
cause lung cancer [73]. There is no reason to believe that the particulate air pollution from the 
nuclear reactors was safe for butterflies or other wild organisms. However, to my knowledge, 
any discussion from this viewpoint is scarce.

It should be noted that the plume from the nuclear reactors contained two types of radioactive 
materials: soluble and insoluble forms. Soluble materials, such as a form of inorganic salt, 
are solubilized quickly in environmental water. Additionally, insoluble materials have been 
detected as spherical particles [74, 75], and they are attached on the surface of any material. 
At least some of these particles (i.e., particulate matter) may bind to nonradioactive com-
mon air dust [68, 69]. Based on the results of the internal exposure experiments in which 
field-collected polluted leaves were fed to butterfly larvae, the ingestion of particulate matter 
present on the surface of leaves may have caused digestive and immunological effects [9–12].

6. Field effects (3): ecological effects

Third, when one examines the interactions of multiple species based on a food web or an 
ecological system as a whole, one may be able to discover radiation effects that would not be 
discovered by a single-species approach; consequently, observations like this may indicate 
important field effects. This may be called the ecological effects. A similar concept has recently 
been addressed in radioecology [76]; however, this topic is often discussed from the viewpoint 
of the bioaccumulation of radioactive materials or organic materials in high-order consumers. 
Although bioaccumulation is important, it is based on a dosimetric viewpoint.

The ecological system that the pale grass blue butterfly inhabits is relatively simple due to its 
monophagous nature [48]. Thus, this butterfly and its associated ecosystem may serve as a 
“model ecosystem” to investigate both the population dynamics and the environmental influ-
ences through the ecological food web after the Fukushima nuclear accident. It appears that in 
the case of the pale grass blue butterfly “model ecosystem,” the quality of its host plant, Oxalis 
corniculata, is probably important and is determined by the quality of the soil and air. When 
soil is contaminated with radioactive materials and other pollutants, such as agrochemicals, 
the quality of the host-plant leaves decreases. Similarly, air pollutants (i.e., particulate matter) 
that cover the surface of leaves, whether radioactive or not, may change the physiological 
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Although trehalose alone may not be a significant stressor, this case illustrates an example of 
an unexpected synergistic interaction between toxic substances that were otherwise benign 
environmental chemicals.

5. Field effects (2): particulate matter

Second, what was released from the Fukushima nuclear reactors was a plume of materials 
that caused particulate air pollution; regardless of whether these particulates were radioactive, 
the released materials were dispersed as atmospheric aerosols [67, 68]. There is no question 
that atmospheric aerosols cause respiratory and cardiovascular diseases in humans [69–72]. 
Indeed, natural radon attaches to air dust, and when this dust is inhaled, it is believed to 
cause lung cancer [73]. There is no reason to believe that the particulate air pollution from the 
nuclear reactors was safe for butterflies or other wild organisms. However, to my knowledge, 
any discussion from this viewpoint is scarce.

It should be noted that the plume from the nuclear reactors contained two types of radioactive 
materials: soluble and insoluble forms. Soluble materials, such as a form of inorganic salt, 
are solubilized quickly in environmental water. Additionally, insoluble materials have been 
detected as spherical particles [74, 75], and they are attached on the surface of any material. 
At least some of these particles (i.e., particulate matter) may bind to nonradioactive com-
mon air dust [68, 69]. Based on the results of the internal exposure experiments in which 
field-collected polluted leaves were fed to butterfly larvae, the ingestion of particulate matter 
present on the surface of leaves may have caused digestive and immunological effects [9–12].

6. Field effects (3): ecological effects

Third, when one examines the interactions of multiple species based on a food web or an 
ecological system as a whole, one may be able to discover radiation effects that would not be 
discovered by a single-species approach; consequently, observations like this may indicate 
important field effects. This may be called the ecological effects. A similar concept has recently 
been addressed in radioecology [76]; however, this topic is often discussed from the viewpoint 
of the bioaccumulation of radioactive materials or organic materials in high-order consumers. 
Although bioaccumulation is important, it is based on a dosimetric viewpoint.

The ecological system that the pale grass blue butterfly inhabits is relatively simple due to its 
monophagous nature [48]. Thus, this butterfly and its associated ecosystem may serve as a 
“model ecosystem” to investigate both the population dynamics and the environmental influ-
ences through the ecological food web after the Fukushima nuclear accident. It appears that in 
the case of the pale grass blue butterfly “model ecosystem,” the quality of its host plant, Oxalis 
corniculata, is probably important and is determined by the quality of the soil and air. When 
soil is contaminated with radioactive materials and other pollutants, such as agrochemicals, 
the quality of the host-plant leaves decreases. Similarly, air pollutants (i.e., particulate matter) 
that cover the surface of leaves, whether radioactive or not, may change the physiological 
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functions of the leaves. Thus, the quality of the soil and air will affect the health of the larval 
butterflies that eat the affected leaves.

The decrease in plant quality for larvae may originate from two different causes: a decrease 
in certain favorable chemicals (e.g., essential nutrients) in leaves and an increase in unfavor-
able chemicals (e.g., reactive oxygen species and defense chemicals) in leaves. In the former 
scenario, the lack of an essential vitamin in the leaves may be fatal for butterfly larvae because 
larvae are dependent on vitamins that are supplied through the ingestion of leaves. A similar 
case of thiamine (vitamin B1) deficiency has been recognized as one of the major consequences 
of environmental pollution and destruction in Europe and North America; however, the pre-
cise causes of this deficiency are difficult to identify [77–80].

The latter possibility of the decrease in plant quality for butterfly larvae may occur if plants 
are stressed by even low levels of exposure to radioactive materials; this exposure can pro-
duce reactive oxygen species, defense chemicals, or another substance that is harmful to lar-
vae. Reactive oxygen species are known to be produced by various abiotic stressors, and the 
production of defense chemicals are induced by insect bites in many plants [81–83]; however, 
whether radiation stress can trigger such responses in O. corniculata and in plants in general 
is unknown. The upregulation of unfavorable chemicals and the downregulation of favorable 
chemicals for larvae may occur simultaneously.

Consequently, biochemical changes in producers (i.e., plants) affect primary consumers (i.e., 
herbivorous animals) and then secondary consumers (i.e., carnivorous animals). These food-
mediated effects of pollutants can radiate through an ecological food web, and it is indirect 
field effects that are different from the bioaccumulation paradigm. It is reasonable to imagine 
that damage to keystone species that have connections with many other species may cause 
relatively large effects on the ecosystem; however, recent research posits that anthropogenic 
disturbances on a small number of any species may cause instability in an ecosystem [84, 85].

7. Possible field effects on humans

Among the three modes of action of the field effects discussed above, the second mode (i.e., 
particulate matter) is associated with immunological responses that may be prominently 
problematic for humans because humans have very effective (and, thus, very sensitive) 
immunological systems, some of which insects do not have. A small amount of radioac-
tive or nonradioactive aerosol from a nuclear reactor can potentially cause large and fatal 
physiological effects in some human individuals via immunological sensitization. However, 
immunological responses vary among individuals, and it is known that immunological 
sensitivity to chemicals (i.e., allergens) greatly varies among human individuals. However, 
once sensitized, humans can detect a remarkably small number of molecules and manifest 
allergic symptoms. It is possible that radioactivity denatures proteins, which makes natu-
rally occurring proteins immunogenic. The protein-denaturing effect of ionizing radiation 
as well as its association with immunogenicity may be one of the important topics that 
should be experimentally tested. As a whole, these effects can collectively be called the 
immunological effects.
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The consequences of allergic reactions are complex, but one example of a type of reaction 
is kidney failure, which can include nephrotic syndrome; I have reported a case in which 
nephrotic syndrome was likely induced by the immunological field effects of the Fukushima 
nuclear accident [86]. Indeed, a general relationship between immunological sensitization 
and nephrotic syndrome has been demonstrated [87–92]. This relationship has not been rigor-
ously tested; however, this is not surprising because nephrotic syndrome is a collection of 
diseases that have various etiologies.

Regarding the first mode of the field effect discussed above, the synergistic effects are poten-
tially numerous in human society and in human living environments. One of the potential 
stressors is cedar pollen, which causes Japan-wide allergic reactions in the spring of each 
year, including 2011 immediately before and after the Fukushima nuclear accident. It is pos-
sible that the aerosol from the Fukushima reactors attached to cedar pollen to worsen pollen 
allergy (i.e., hay fever). Other potential stressors for humans may include other air pollutants, 
food additives, agrochemicals, and work stress. Stress resistance varies among individual 
humans, and some people that were not very stress resistant may have become sick after the 
Fukushima nuclear accident.

Regarding the third mode of the field effects discussed above, changes in plant chemicals may 
affect human health. Additionally, the nutritional quality of fruits and vegetables may have 
declined. However, different from the pale grass blue butterfly, humans are not monopha-
gous. Moreover, vitamin supplementation is now popular in many countries including Japan. 
As such, this type of field effect may not manifest in humans; however, this mode may cause 
serious adverse impacts in the pale grass blue butterfly.

8. UNSCEAR 2017 Report

Because the field effects of “nuclear” pollution may be a new concept, at least to some 
extent, misunderstanding or confusion about this issue may prevail. The United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2017 Report [93] 
provides an example. This report mentioned our studies in paragraph 125, in which H8 
refers to Hiyama et al. [9], and M9 and M10 refer to Møller et al. [19] and Møller et al. [20], 
respectively.

125. The Committee had made reference to studies in which effects in various terrestrial biota had been 
observed in areas with enhanced levels of radioactive material as a result of the FDNPS accident [H8, 
M9, M10]. It had noted that the substantial impacts reported for populations of wild organisms from 
these studies were inconsistent with the main findings of the Committee’s theoretical assessment. The 
Committee had expressed reservations about these observations, noting that uncertainties with regard 
to dosimetry and possible confounding factors made it difficult to substantiate firm conclusions from 
the cited field studies.

It is understandable that our study is “inconsistent with the main findings of the Committee’s 
theoretical assessment” (i.e., the dosimetric simulations). I agree that “uncertainties with 
regard to dosimetry” should be overcome in the near future; however, without precise 
dosimetric data, the findings that conclude the biological effects were correlated with the 
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functions of the leaves. Thus, the quality of the soil and air will affect the health of the larval 
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immunological effects.

New Trends in Nuclear Science58

The consequences of allergic reactions are complex, but one example of a type of reaction 
is kidney failure, which can include nephrotic syndrome; I have reported a case in which 
nephrotic syndrome was likely induced by the immunological field effects of the Fukushima 
nuclear accident [86]. Indeed, a general relationship between immunological sensitization 
and nephrotic syndrome has been demonstrated [87–92]. This relationship has not been rigor-
ously tested; however, this is not surprising because nephrotic syndrome is a collection of 
diseases that have various etiologies.

Regarding the first mode of the field effect discussed above, the synergistic effects are poten-
tially numerous in human society and in human living environments. One of the potential 
stressors is cedar pollen, which causes Japan-wide allergic reactions in the spring of each 
year, including 2011 immediately before and after the Fukushima nuclear accident. It is pos-
sible that the aerosol from the Fukushima reactors attached to cedar pollen to worsen pollen 
allergy (i.e., hay fever). Other potential stressors for humans may include other air pollutants, 
food additives, agrochemicals, and work stress. Stress resistance varies among individual 
humans, and some people that were not very stress resistant may have become sick after the 
Fukushima nuclear accident.

Regarding the third mode of the field effects discussed above, changes in plant chemicals may 
affect human health. Additionally, the nutritional quality of fruits and vegetables may have 
declined. However, different from the pale grass blue butterfly, humans are not monopha-
gous. Moreover, vitamin supplementation is now popular in many countries including Japan. 
As such, this type of field effect may not manifest in humans; however, this mode may cause 
serious adverse impacts in the pale grass blue butterfly.

8. UNSCEAR 2017 Report

Because the field effects of “nuclear” pollution may be a new concept, at least to some 
extent, misunderstanding or confusion about this issue may prevail. The United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2017 Report [93] 
provides an example. This report mentioned our studies in paragraph 125, in which H8 
refers to Hiyama et al. [9], and M9 and M10 refer to Møller et al. [19] and Møller et al. [20], 
respectively.

125. The Committee had made reference to studies in which effects in various terrestrial biota had been 
observed in areas with enhanced levels of radioactive material as a result of the FDNPS accident [H8, 
M9, M10]. It had noted that the substantial impacts reported for populations of wild organisms from 
these studies were inconsistent with the main findings of the Committee’s theoretical assessment. The 
Committee had expressed reservations about these observations, noting that uncertainties with regard 
to dosimetry and possible confounding factors made it difficult to substantiate firm conclusions from 
the cited field studies.

It is understandable that our study is “inconsistent with the main findings of the Committee’s 
theoretical assessment” (i.e., the dosimetric simulations). I agree that “uncertainties with 
regard to dosimetry” should be overcome in the near future; however, without precise 
dosimetric data, the findings that conclude the biological effects were correlated with the 

Understanding Low-Dose Exposure and Field Effects to Resolve the Field-Laboratory Paradox…
http://dx.doi.org/10.5772/intechopen.79870

59



ground radiation dose and/or the distance from the nuclear reactors and that state the bio-
logical effects in the field were reproduced dose-dependently in laboratory experiments are 
entirely valid. The main reason for this discrepancy is the exclusion of the field effects in the 
UNSCEAR assessment. In contrast, our experiments were constructed to reflect real-world 
phenomena, including the direct effects and indirect field effects. Furthermore, contrary to 
the UNSCEAR statement above, there were no major confounding factors in our study [9] 
because it consisted of controlled laboratory experiments.

Moreover, the UNSCEAR statement completely ignores the process of logical judgment in 
terms of the cause of the Fukushima nuclear accident. The causality of the effects of the acci-
dent should be evaluated systematically according to logical postulates such as “the Postulates 
of Pollutant-Induced Biological Impacts” [45]. This includes six clauses that must be met to 
prove the causality of the pollutant(s) from a given source, i.e., spatial relationship, temporal 
relationship, direct exposure, phenotypic variability or spectrum, experimental reproduction 
of external exposure, and experimental reproduction of internal exposure [45]. The causality 
should not be judged solely from a dosimetric standpoint.

The UNSCEAR 2017 Report [91] further commented on our paper in paragraph 134, in which 
H9 and O12 refer to Hiyama et al. [14] and Otaki [48], respectively.

134. Hiyama et al. [H9] provided further evidence to suggest that the high abnormality rates observed 
in the pale grass blue butterfly were induced by “anthropogenic radioactive mutagens.” However, Otaki 
[O12] synthesized the results from several studies of the effects on the same species of butterfly following 
the FDNPS accident, and reported that ionizing radiation was unlikely to be the exclusive source of the 
environmental disturbances observed.

The above comments on our research are misleading; specifically, the last sentence wrongly 
implies that “the environmental disturbances observed” were caused by unknown confound-
ing factors that were not related to the Fukushima nuclear accident. Rather, in Otaki [48], I 
mentioned the importance of the field effects from both radioactive and nonradioactive mate-
rials from the Fukushima Dai-ichi Nuclear Power Plant. In other words, “ionizing radiation” 
(i.e., the direct effects in the context of Otaki [48]) was not the exclusive source. It is entirely 
valid to say that the high abnormality and mortality rates observed in the butterfly were 
caused by the pollutants from the Fukushima nuclear accident. This UNSCEAR case indi-
cates the low level of understanding regarding the field effects and the lack of fundamental 
logic among the researchers who contributed to the formulation of these paragraphs in the 
UNSCEAR 2017 Report [93]. On the other hand, these misleading comments may be under-
standable, considering that we presented the topic of indirect field effects only briefly in our 
previous papers. There is an urgent need for more precise explanations and experimental 
validation of this issue.

9. Extrapolating butterfly toxicology to humans

The evaluation of the field effects may not be straightforward because of its indirect nature; 
however, our system for the internal exposure experiments likely reflects both the direct 
effects and some of the indirect field effects based on the use of the field-collected host-plant 
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leaves for butterfly larvae. Because the larvae are highly resistant against the internal expo-
sure to pure radioactive cesium (unpublished data), the high mortality and abnormality rates 
from the contaminated leaves can be largely attributed to the indirect field effects. It should 
be noted that what was measured in our experiments was the radioactivity concentration of 
radiocesium; however, other radioactive and nonradioactive materials were released from 
the Fukushima nuclear reactors, and these materials may have also contaminated the leaves. 
In this sense, the radioactivity concentrations of radiocesium can be considered as an indicator of 
the degree of the pollution. This is an important difference from the conventional dosimetric 
approach. To our knowledge, quantitative toxicological data that reflected some of the field 
effects were available only for butterflies. Thus, it is interesting to apply these data to humans 
to roughly grasp the collective effects of the Fukushima nuclear accident. Although there is no 
rigorous reason to believe that the butterfly data are applicable to humans, this attempt can be 
justified because of the lack of human-specific data and data from other organisms that reflect 
both the direct effects and indirect field effects.

The basic experimental strategy was to collect the polluted food (i.e., plants) from Fukushima 
and feed the plant samples to butterfly larvae from Okinawa, which was the least polluted 
locality in Japan. When non-contaminated leaves were fed to larvae, normal individuals 
emerged. However, when polluted leaves were fed to larvae, morphologically abnormal 
adults emerged, and the mortality of larvae and pupae was high. The abnormality rate and 
the mortality rate were then obtained for each polluted diet. Because the radioactivity concen-
tration of radiocesium species (134Cs plus 137Cs) in foods (Bq kg−1 diet) and the amount of food 
that each larva ate (g) was available, a dose-response curve was obtained [12].

The half abnormality dose (equivalent to median toxic dose, TD50; called TD50 hereafter) of radio-
cesium for the butterfly was first obtained in Nohara et al. [10] based on the power function 
fit for data points from relatively high-dose diets. Later, the data points from the relatively 
low-dose diets were added to the previous data [11]. The mathematical model fits for these 
combined data were performed using the power function and Weibull function models [12]; 
the sigmoidal data fit with the Weibull function model yielded a TD50 value of 0.45 Bq body−1 
(meaning that a cumulative dose of 0.45 Bq per larva results in abnormality or death in 50% of 
the population). A loose threshold was detected at approximately 10 mBq body−1.

The mean body weight of larvae was 0.0346 g. Therefore, the TD50 can be read as 13 kBq kg−1 
body weight. Here, I assume an average Japanese male person (30–49 years old) has a body 
weight of 68.5 kg, according to a survey by the Ministry of Health, Labour and Welfare [94]. 
For this average person, 13 kBq kg−1 body weight is multiplied by 68.5 kg body weight, result-
ing in a TD50 of 890.5 kBq body−1 for an average Japanese male human. This average person 
eats 1.555 kg diet day−1 when nutritional balance is maintained [95].

Based on these data, the radioactivity concentration of diets required to reach the TD50 value 
in a given time span in a Japanese male human can be calculated (Figure 3a). To consume 
890.5 kBq in 1 day, 890.5 kBq must be contained in a 1.555 kg diet; thus, the radioactivity 
concentration of 573 kBq kg−1 diet must be consumed to reach the TD50 value in 1 day. To 
consume 890.5 kBq within 1 year (365 days), a 1.57 kBq kg−1 diet is required. Similarly, a 
157 Bq kg−1 diet and a 15.7 Bq kg−1 diet are required to reach the TD50 value in 10 years and 
100 years, respectively. Clearly, a 15.7 Bq kg−1 diet is mostly negligible for this average person 
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ground radiation dose and/or the distance from the nuclear reactors and that state the bio-
logical effects in the field were reproduced dose-dependently in laboratory experiments are 
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previous papers. There is an urgent need for more precise explanations and experimental 
validation of this issue.
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leaves for butterfly larvae. Because the larvae are highly resistant against the internal expo-
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and feed the plant samples to butterfly larvae from Okinawa, which was the least polluted 
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emerged. However, when polluted leaves were fed to larvae, morphologically abnormal 
adults emerged, and the mortality of larvae and pupae was high. The abnormality rate and 
the mortality rate were then obtained for each polluted diet. Because the radioactivity concen-
tration of radiocesium species (134Cs plus 137Cs) in foods (Bq kg−1 diet) and the amount of food 
that each larva ate (g) was available, a dose-response curve was obtained [12].

The half abnormality dose (equivalent to median toxic dose, TD50; called TD50 hereafter) of radio-
cesium for the butterfly was first obtained in Nohara et al. [10] based on the power function 
fit for data points from relatively high-dose diets. Later, the data points from the relatively 
low-dose diets were added to the previous data [11]. The mathematical model fits for these 
combined data were performed using the power function and Weibull function models [12]; 
the sigmoidal data fit with the Weibull function model yielded a TD50 value of 0.45 Bq body−1 
(meaning that a cumulative dose of 0.45 Bq per larva results in abnormality or death in 50% of 
the population). A loose threshold was detected at approximately 10 mBq body−1.

The mean body weight of larvae was 0.0346 g. Therefore, the TD50 can be read as 13 kBq kg−1 
body weight. Here, I assume an average Japanese male person (30–49 years old) has a body 
weight of 68.5 kg, according to a survey by the Ministry of Health, Labour and Welfare [94]. 
For this average person, 13 kBq kg−1 body weight is multiplied by 68.5 kg body weight, result-
ing in a TD50 of 890.5 kBq body−1 for an average Japanese male human. This average person 
eats 1.555 kg diet day−1 when nutritional balance is maintained [95].

Based on these data, the radioactivity concentration of diets required to reach the TD50 value 
in a given time span in a Japanese male human can be calculated (Figure 3a). To consume 
890.5 kBq in 1 day, 890.5 kBq must be contained in a 1.555 kg diet; thus, the radioactivity 
concentration of 573 kBq kg−1 diet must be consumed to reach the TD50 value in 1 day. To 
consume 890.5 kBq within 1 year (365 days), a 1.57 kBq kg−1 diet is required. Similarly, a 
157 Bq kg−1 diet and a 15.7 Bq kg−1 diet are required to reach the TD50 value in 10 years and 
100 years, respectively. Clearly, a 15.7 Bq kg−1 diet is mostly negligible for this average person 
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between the age of 30 and 49 because he will naturally die before he reaches a 50% chance of 
becoming sick. However, a 157 Bq kg−1 diet is not negligible for this average person because there is 
still a 50% chance of becoming sick in the next 10 years.

Additionally, the number of days (or years) required to reach the TD50 value when 100 Bq kg−1 
diet or 10 Bq kg−1 diet is consumed can be calculated (Figure 3b). When an average Japanese 
male human consumes a 100 Bq kg−1 diet, it takes 16.7 years to reach the TD50 value. This is a non-
negligible time span. However, a 10 Bq kg−1 diet may be negligible because it takes 167 years 
to reach the TD50 value, which is beyond the human lifespan.

Considering that the amount (becquerel) of radioactivity concentration of 134Cs and 137Cs discussed 
above is as low as the amount of naturally occurring 40K, a counter argument to this discussion 
would be that no harmful effect is expected from the conventional dosimetric view. However, it 
should be remembered that the amount of radiocesium is simply an indication of pollution levels 
in terms of the field effects. Moreover, we have experimental evidence that artificial radiocesium 
is clearly harmful at radioactivity levels as low as those observed for radiopotassium (unpub-
lished data). I will discuss this important issue if there is an opportunity to do so in the future.

It should also be remembered that the discussion above completely ignored the dose-rate 
effects and the physiological differences between butterflies and humans, which include dif-
ferent biological half-lives and organ accumulation of cesium species. This study also ignored 
the different types of indirect field effects that may be species-specific, depending on the eco-
logical status of a species. It should also be noted that the TD50 state is toxicologically convenient 
to evaluate potential effects, but it means a devastating massive outbreak of diseases in terms of public 
health. Another viewpoint to consider is that toxicological evaluations are often misleading 
and give the impression that anything that does not reach the TD50 value within a reasonable 
time or does not exceed the limit is completely safe for everybody. Scientists and politicians 
should pay special attention to minorities who may still be affected at this level [48, 96].

Figure 3. Extrapolation of toxicological data from the pale grass blue butterfly to an average Japanese male human. 
(a) Linearly extrapolating the butterfly data to understand the relationship between radioactivity concentration in 
consumed diet and time to reach TD50. For example, to reach the TD50 value in 10 years, an average daily consumption 
of a diet containing 157 Bq kg−1 diet is required. (b) Linear relationship between cumulative radioactivity in a body and 
time to reach TD50. Lines with daily 100 Bq kg−1 consumption and 10 Bq kg−1 consumption are shown. When an average 
of 100 Bq diet is consumed daily, it takes 16.7 years for a Japanese male human to reach the TD50 value (8.9 × 105 Bq 
body−1).
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Having mentioned these points, a discussion based on the TD50 value is probably as insight-
ful as a discussion on the current political dose limits, which are based on the effective dose 
limits recommended by the ICRP [97]. In these conventional cases, no field effects were con-
sidered. Fortunately, based on the discussion above, the current regulation limit in Japan, i.e., 
100 Bq kg−1 for general foods, may not be a completely wrong value. In fact, this value can be 
considered as a starting point for this type of discussion. I believe that the theoretical results 
above are an important first step from which we can at least present the potential values for 
risk assessment and management.

10. Conclusions and future perspectives

It can be concluded that the “low-dose” exposure from the Fukushima nuclear accident 
imposed potentially non-negligible toxic effects on organisms including butterflies and 
humans through field effects. At the high-dose exposure, the same field effects would exist, 
but they would likely be masked by the acute damage. The direct effects may be assessed 
reasonably by dosimetric analysis even in the field cases, especially for high-dose cases. The 
field-laboratory paradox is not really a paradox; rather, it indicates our fragmentary knowl-
edge on the real-world pollution caused by this nuclear accident.

Although this chapter sheds light on one important low-dose issue, there are many other issues 
associated with the field effects that should be studied both in the field and in the laboratory. 
One of these issues is the adaptive and evolutionary responses of organisms to environmental 
radiation in contaminated areas. The pale grass blue butterfly appears to have evolutionarily 
adapted to the environmental pollutants [98]. This adaptive evolution may be largely in 
response to the field effects because the butterfly is essentially very resistant to direct irradia-
tion without any possible adaptive response (unpublished data). However, the direct ionizing 
damage on DNA would also play an important role in adaptive response if such damage exists.

Simply because there are multiple effective pathways of the field effects, sensitivity variations to 
different modes may vary considerably among species and even among individuals in a given 
species. The net effects may be determined through synergistic amplification. To further under-
stand the effects of the Fukushima pollution, multifaceted scientific approaches that are firmly 
based on field work and field-based laboratory experiments (such as the internal exposure 
experiments using the field-harvested leaves) are expected in the future. A mechanistic under-
standing of the indirect field effects is also necessary to advance this field of pollution biology.

Simultaneously, studies on the mechanisms of the direct ionizing effects in the field (although 
the final effects may also be affected by the indirect field effects) should be advanced. As 
pointed out by Steen [99], multifaceted analyses at the DNA and genomic levels are expected 
to reveal evidence for direct DNA damage in the field after the Fukushima nuclear accident. 
I believe that the immediate early exposures to short-lived radionuclides impacted DNA 
directly, which then might have been inherited to subsequent generations. Such evidence 
would firmly establish the adverse biological effects caused by the Fukushima nuclear acci-
dent at the molecular level. Furthermore, spatiotemporal changes of such DNA damage 
would reveal population-level dynamics of adaptive evolution in the field, serving as an 
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between the age of 30 and 49 because he will naturally die before he reaches a 50% chance of 
becoming sick. However, a 157 Bq kg−1 diet is not negligible for this average person because there is 
still a 50% chance of becoming sick in the next 10 years.

Additionally, the number of days (or years) required to reach the TD50 value when 100 Bq kg−1 
diet or 10 Bq kg−1 diet is consumed can be calculated (Figure 3b). When an average Japanese 
male human consumes a 100 Bq kg−1 diet, it takes 16.7 years to reach the TD50 value. This is a non-
negligible time span. However, a 10 Bq kg−1 diet may be negligible because it takes 167 years 
to reach the TD50 value, which is beyond the human lifespan.

Considering that the amount (becquerel) of radioactivity concentration of 134Cs and 137Cs discussed 
above is as low as the amount of naturally occurring 40K, a counter argument to this discussion 
would be that no harmful effect is expected from the conventional dosimetric view. However, it 
should be remembered that the amount of radiocesium is simply an indication of pollution levels 
in terms of the field effects. Moreover, we have experimental evidence that artificial radiocesium 
is clearly harmful at radioactivity levels as low as those observed for radiopotassium (unpub-
lished data). I will discuss this important issue if there is an opportunity to do so in the future.

It should also be remembered that the discussion above completely ignored the dose-rate 
effects and the physiological differences between butterflies and humans, which include dif-
ferent biological half-lives and organ accumulation of cesium species. This study also ignored 
the different types of indirect field effects that may be species-specific, depending on the eco-
logical status of a species. It should also be noted that the TD50 state is toxicologically convenient 
to evaluate potential effects, but it means a devastating massive outbreak of diseases in terms of public 
health. Another viewpoint to consider is that toxicological evaluations are often misleading 
and give the impression that anything that does not reach the TD50 value within a reasonable 
time or does not exceed the limit is completely safe for everybody. Scientists and politicians 
should pay special attention to minorities who may still be affected at this level [48, 96].

Figure 3. Extrapolation of toxicological data from the pale grass blue butterfly to an average Japanese male human. 
(a) Linearly extrapolating the butterfly data to understand the relationship between radioactivity concentration in 
consumed diet and time to reach TD50. For example, to reach the TD50 value in 10 years, an average daily consumption 
of a diet containing 157 Bq kg−1 diet is required. (b) Linear relationship between cumulative radioactivity in a body and 
time to reach TD50. Lines with daily 100 Bq kg−1 consumption and 10 Bq kg−1 consumption are shown. When an average 
of 100 Bq diet is consumed daily, it takes 16.7 years for a Japanese male human to reach the TD50 value (8.9 × 105 Bq 
body−1).
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Having mentioned these points, a discussion based on the TD50 value is probably as insight-
ful as a discussion on the current political dose limits, which are based on the effective dose 
limits recommended by the ICRP [97]. In these conventional cases, no field effects were con-
sidered. Fortunately, based on the discussion above, the current regulation limit in Japan, i.e., 
100 Bq kg−1 for general foods, may not be a completely wrong value. In fact, this value can be 
considered as a starting point for this type of discussion. I believe that the theoretical results 
above are an important first step from which we can at least present the potential values for 
risk assessment and management.

10. Conclusions and future perspectives

It can be concluded that the “low-dose” exposure from the Fukushima nuclear accident 
imposed potentially non-negligible toxic effects on organisms including butterflies and 
humans through field effects. At the high-dose exposure, the same field effects would exist, 
but they would likely be masked by the acute damage. The direct effects may be assessed 
reasonably by dosimetric analysis even in the field cases, especially for high-dose cases. The 
field-laboratory paradox is not really a paradox; rather, it indicates our fragmentary knowl-
edge on the real-world pollution caused by this nuclear accident.

Although this chapter sheds light on one important low-dose issue, there are many other issues 
associated with the field effects that should be studied both in the field and in the laboratory. 
One of these issues is the adaptive and evolutionary responses of organisms to environmental 
radiation in contaminated areas. The pale grass blue butterfly appears to have evolutionarily 
adapted to the environmental pollutants [98]. This adaptive evolution may be largely in 
response to the field effects because the butterfly is essentially very resistant to direct irradia-
tion without any possible adaptive response (unpublished data). However, the direct ionizing 
damage on DNA would also play an important role in adaptive response if such damage exists.

Simply because there are multiple effective pathways of the field effects, sensitivity variations to 
different modes may vary considerably among species and even among individuals in a given 
species. The net effects may be determined through synergistic amplification. To further under-
stand the effects of the Fukushima pollution, multifaceted scientific approaches that are firmly 
based on field work and field-based laboratory experiments (such as the internal exposure 
experiments using the field-harvested leaves) are expected in the future. A mechanistic under-
standing of the indirect field effects is also necessary to advance this field of pollution biology.

Simultaneously, studies on the mechanisms of the direct ionizing effects in the field (although 
the final effects may also be affected by the indirect field effects) should be advanced. As 
pointed out by Steen [99], multifaceted analyses at the DNA and genomic levels are expected 
to reveal evidence for direct DNA damage in the field after the Fukushima nuclear accident. 
I believe that the immediate early exposures to short-lived radionuclides impacted DNA 
directly, which then might have been inherited to subsequent generations. Such evidence 
would firmly establish the adverse biological effects caused by the Fukushima nuclear acci-
dent at the molecular level. Furthermore, spatiotemporal changes of such DNA damage 
would reveal population-level dynamics of adaptive evolution in the field, serving as an 
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important case of the real-world evolution in evolutionary biology as well as in radiation 
pollution biology. Borrowing the famous phrase from Hamlet again, I would state, “To be and 
not to be (i.e., the direct and indirect field effects), that is the answer”.
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Abstract

The potential benefits of LENR as an energy source have been well understood since its 
announcement in 1989. Improved prospects of LENR in recent years are indicated by 
the significant numbers and varied locations of researchers in several countries, a large 
body of accumulated evidence, advances in development of explanations, and favorable 
LENR device developments. The changing landscape creates policymaking opportunities 
for supporting LENR to realize its benefits, planning proactively to deal with anticipated 
impacts, and integrating the updates as a comprehensive policy program. Policy updates 
for LENR support may be accomplished in an evidence-based policymaking framework. 
The level of evidence for LENR indicates that updates should include at least research com-
parable to other emerging energy technologies. Broad LENR deployment for energy sup-
ply is expected to have major secondary impacts as a disruptive technology. Technology 
assessment is a readily available methodology for developing mitigative measures. The 
public interest will be served by integrating LENR policies for its development and impact 
mitigation. For example, policies for secondary impacts can be formulated based on LENR 
support policies and the pace of its deployment. Updated policies may also be integrated 
at the national and international level and between the public and private sectors.
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in March 1989, the phenomenon has continued to be extensively researched. LENR’s improved 
prospects in recent years have resulted in a need for updates in LENR policies. Policymaking 
opportunities are emerging in three main areas—supporting LENR to realize its potential 
benefits, planning proactively to deal with its anticipated adverse secondary impacts, and 
integrating the updates in a comprehensive policy program. The objectives of this paper are to:

• Review the changing landscape of LENR

• Describe opportunities for updating policies for support of LENR development

• Delineate potential policies for mitigating adverse secondary impacts

• Analyze opportunities for integrating LENR policies both nationally and internationally

• Summarize the benefits and challenges of achieving updated and integrated policies

The world is in desperate need of new sources of clean and inexpensive energy. If this were 
not the case, cold fusion would perhaps be just a curiosity in the history of science.

2. The changing landscape of LENR

Improved LENR prospects are indicated by at least four lines of argument—the significant 
numbers and varied locations of researchers in several countries, the resulting large body of 
accumulated evidence, advances in development of explanations, and recent favorable events.

2.1. Continued research worldwide

Unlike most claims of new phenomena that are not accepted by mainstream science, LENR 
research was not discontinued after it was rejected. On the contrary, many investigators 
have continued to work in the field, resulting in a large body of evidence for LENR real-
ity. For example, at least 50 investigators in nine countries (including the U.S., Italy, Japan, 
India, Russia, and China) have continued LENR research. An international LENR society 
(International Society of Condensed Matter Nuclear Science, ISCMNS) was formed several 
years ago [1], and an affiliated journal dedicated to LENR research reporting (Journal of 
ISCMNS) is published online quarterly.

International conferences are held in countries around the world every one to 2 years, with 
a typical attendance of about 200. Twenty conferences (International Conferences on Cold 
Fusion, ICCFs) have been held since they were begun in 1990. Attendance at the 2015 confer-
ence (ICCF-19), which took place in Italy, was nearly 600. The 2016 conference (ICCF-20) was 
in Sendai, Japan, and the 2018 conference (ICCF-21) is planned for Fort Collins, Colorado 
(campus of Colorado State University) in 2018 [2]. A substantial community of LENR research-
ers and other interested parties has emerged. Its size is indicated by the CMNS Google Group, 
which was formed over 10 years ago and currently has over 300 participants.

Although the U.S. Department of Energy has not provided leadership in LENR research, 
investigations continued at several other U.S. agencies after the 1989 rejection. For example, 
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the U.S. National Aeronautics and Space Administration (NASA) has conducted research 
at both the Glenn and Langley research centers [3, 4]. Elements of the U.S. Department of 
Defense (DoD) have also continued research and related interests. The Defense Intelligence 
Agency (DIA) assessed “with high confidence that if LENR can produce nuclear-origin energy 
at room temperatures, this disruptive technology could revolutionize energy production and 
storage, since nuclear reactions release millions of times more energy per unit mass then do 
(sic) any known chemical fuel” [5].

Several components of the U.S. Navy have also had active LENR research efforts. The 
U.S. Naval Research Laboratory (NRL), for example, worked on LENR beginning when 
the field started in 1989. Other Navy organizations have also pursued LENR research and 
related activities, including the U.S. Space and Naval Warfare Systems Command (SPAWAR), 
U.S. Naval Air Weapons Station (China Lake), and the U.S. Naval Postgraduate School.

An industrial association (LENRIA, for LENR Industrial Association) was formed in about 
2013 to promote LENR development. LENRIA seeks to “advocate for both scientific study 
and, especially, commercial advancement of the field” [6]. It envisions a LENR ecosys-
tem consisting of more than 30 R&D concerns, government entities, corporations, private 
labs, and publications and websites. LENRIA is sponsoring ICCF-21 in June 2018. In early 
2017, The Anthropocene Institute published a report that included a list of almost 100 
LENR-related entities (another “LENR Ecosystem“) in five categories [7]: Makers (37); 
R&D Organizations (41); Investment Funds (7); Commercial Equipment Suppliers (5); and 
Non-Profits (6).

2.2. Large and growing body of evidence

The substantial research in LENR has resulted in a large accumulation of evidence for its 
reality. One indicator of this evidence is a website dedicated to collecting LENR publications 
(LENR-CANR.org), which has a bibliography of more than 3800 journal papers and related 
items. As of March 2018, about 4.6 million visits had been made and more than 4.2 million 
papers had been downloaded [8] from the website.

Storms [9] has documented 380 papers reporting LENR just up to about 2007 as indicated by 
four signatures—anomalous heat (184 reports), tritium (61), transmutation (80), and radiation 
(55). Many more reports have been prepared in the subsequent years. Storms and Grimshaw 
[10] examined the evidence for LENR in relation to published criteria for distinguishing 
science from pseudoscience by Langmuir [11], Sagan [12], and Shermer [13]. Twenty-seven 
criteria were compiled, and LENR was examined in relation to each criterion. It was found 
that the criteria were satisfied, and it was concluded that LENR research is science and not 
pseudoscience.

2.3. Advances in theory development

Significant progress has also been made in developing an explanation of LENR. Many hypoth-
eses have been advanced, but much remains to be done to converge on a full explanation. Two 
well-known examples are the hypotheses advanced by Peter Hagelstein of MIT and Edmund 
Storms, who is retired from Los Alamos National Laboratory.
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Hagelstein [14] notes that LENR is indicated by the large amount of energy produced, 
the absence of expected chemical products, and the presence of expected amounts of new 
helium-4 in palladium deuteride experiments where LENR is observed. He observes that 
there appears to be no other conclusion besides a nuclear origin for the observations, but that 
there is a lack in LENR of the usual radiation signals that are used to study nuclear reactions. 
Hagelstein’s hypothesis includes both conventional and new physics. In palladium deuteride 
systems reactions occur in vacancies in the lattice. The reactions involve fractionation of a 
large nuclear quantum combined with a coupling mechanism involving vibration and nuclei. 
Hagelstein utilizes the fundamental relativistic Hamiltonian in the explanation. The approach 
thus uses new concepts on a foundation of established physics.

Storms’ hypothesis [15] proposes small sites, termed “nuclear active environments” (NAEs), 
that are located at or close to the surface rather than in the lattice, as is postulated by 
Hagelstein. These NAEs form in microcracks that are typically caused by stress relief in the 
material. Hydrogen atoms migrate into the NAEs and form linear structures called “hydro-
tons.” Vibration of the atoms in the hydroton results in nuclear reactions, with release of 
energy as photons that are absorbed in the lattice. The mechanism of the nuclear reactions 
in the hydroton has not yet been explained but would almost certainly involve new physics.

2.4. Developments in recent years

The case for LENR is strengthened by several occurrences in the field in the last few years. 
One of the most significant of these was the emergence of research centers at several uni-
versities. The Sidney Kimmel Institute for Nuclear Renaissance (SKINR) was formed at the 
University of Missouri in 2012 to perform fundamental research aimed at discovery of the 
mechanisms of the anomalous heat effect (AHE), a term used for LENR. Experiments are 
performed in four areas—nuclear mechanism, general mechanism, solid state theory, and 
cathode development (for electrolytic cells) [16]. The Center for Emerging Energy Science 
(CEES) was founded at Texas Tech University in 2015 to explore critical parameters in the 
observation of AHE [17]. The intent of its work is to gain fundamental understanding of 
the LENR mechanisms. A Condensed Matter Nuclear Reactions Division was also recently 
formed at Tohoku University in Sendai, Japan. Three purposes have been advanced for the 
Division—fundamental LENR research, development of a new energy generation method, 
and determination of a new approach for nuclear waste decontamination [18]. This organiza-
tion sponsored ICCF-20 in Sendai in October 2016.

Further indication that cold fusion potential may be realized is the significant number of 
LENR-based devices that have been introduced in recent years. One major example is Andrea 
Rossi’s E-Cat (for “energy catalyzer”), which is based on a nickel-hydrogen setup. Several 
demonstrations of this device were held in 2011, culminating in a multiple-unit test in October 
2011. About 2350 kWh of energy was reported for this test [19]. A three-part test of a high-
temperature version of Rossi’s device (E-Cat HT or “Hot Cat”) was subsequently performed 
[20]. The first part of the test was not considered successful because the reactor melted before 
meaningful data could be obtained. The second test reportedly produced 195 kWh of energy. 
The third part was indicated to produce 95 kWh.
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Another set of experiments, consisting of two phases, was subsequently performed with a dif-
ferent E-Cat design [21]. These experiments are frequently referred to as the “Lugano test” for 
the location in Switzerland where they were performed. During the 32-day test, 1.4 MWh of net 
energy was reported. The experiments also included analyses of the isotopes of in the energy-
producing contents of the E-Cat. Observed shifts in the isotope composition before and after the 
tests were inferred to be the result of nuclear reactions. The large amounts of energy produced, 
high ratios of output to input power, and changes in isotope content were interpreted as evi-
dence of LENR. It was announced in 2014 that the firm Industrial Heat (IH) had acquired partial 
rights to Rossi’s E-Cat technology [22]. However, the relationship between Rossi and IH did not 
have a positive outcome and became litigious. A lawsuit between the entities was settled in 2016.

Investigation of devices apparently similar in design to the E-Cat has continued, notably in 
Russia and China. Parkhomov [23, 24], a retired researcher from Lomonosov Moscow State 
University, reported experiments performed with two different but related designs. Both 
devices were configured to approximate the Lugano test of Rossi’s E-Cat, but with significant 
differences, including the method of heat measurement. A principal conclusion was that the 
devices, described as “similar to (the) high-temperature Rossi heat generator … produce more 
energy than they consume” above temperatures above about 1100° C. It was also concluded 
that the second device produced more than 40 kWh of excess energy.

Jiang is a retired researcher affiliated with the Ni-H Research Group at the China Institute of 
Atomic Energy in Beijing. His reactor design and materials are somewhat similar to those of 
Parkhomov with a setup approximating the Lugano test [25]. The experiment was apparently 
performed for over 12 hours, during which 600 W of excess heat was observed for a portion 
of that time. The reported ratio of the 600 W to the input power of 780 W was 0.77. Jiang 
concluded that “the origin of excess heat cannot be explained by chemical energy.”

JET Energy, Inc. has conducted LENR research with two types of devices called the NANOR 
and PHUSOR [26], both of which utilize deuterium. The PHUSOR is an aqueous configu-
ration that uses palladium or nickel with the deuterium. The NANOR is non-aqueous and 
uses nanoscale particles consisting mainly of palladium, zirconium, and nickel. JET Energy 
maintains close collaboration with the Energy Production and Conversion Group at MIT [27].

Brillouin Energy [28] has developed LENR-based technology for energy production using 
hydrogen and nickel (or other metal with appropriate properties). The technology is referred 
to as “Controlled Electron Capture Reaction” (CECR). Hydrogen is brought into contact with 
nickel, and reactions are stimulated with electromagnetic pulses. The energy is reported to be 
in the form of heat that is absorbed by the metal and captured for beneficial use. An apparently 
updated version of the Brillouin approach and technology (HHT™) was recently reported [29].

Although none of these examples has demonstrated a working device having practical 
applications or commercial production, when considered in aggregate they provide further 
evidence that LENR may yet fulfill its potential as a source of energy. Overall, a changing land-
scape for LENR is indicated by the substantial number of researchers, the accumulated body 
of research, and progress in developing theories. The recent emergence of academic research 
entities and the proposed LENR energy devices also seem to strengthen the cold fusion case.
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Three goals must be achieved for LENR and its benefits to be realized—more consistent 
reproducibility, fuller explanation of the process, and demonstration of its ability to pro-
duce usable amounts of energy. These goals may be achieved with affirmative policies for 
increased R&D support.

3. Policy updates for LENR support

The first policymaking opportunity resulting from LENR’s changing landscape is revision of 
current policies for LENR support. Updates in these policies may best be accomplished in a 
framework of evidence-based policymaking (EBP) [30, 31]. The policy options (PO) are:

1. Discontinue research entirely (unlikely given the continuing interest)

2. Business as usual—continued marginalization

3. Reinstatement and development with other emerging energy technologies

4. Enhanced support, perhaps on a par with hot fusion

5. Crash program, possibly like the Manhattan Project during World War II, to realize LENR’s 
benefits.

Selecting the alternative that best serves the public interest may be challenging because of 
the history and continuing rejection of LENR. Policymaking is further complicated by a need 
for improved reproducibility and a better explanation of the LENR phenomenon. To deal 
with these complications, LENR policy may be analyzed and established in terms of level of 
evidence (LOE) for its existence:

1. Preponderance of evidence (>50% probability)

2. Clear and convincing evidence (>70%)

3. Beyond a reasonable doubt (>90%)

The LOE may be further interpreted for decisions on appropriate policy responses. At least a 
preponderance of evidence may reasonably be inferred from the large number researchers, 
the major body of evidence that has been accumulated, and the progress in achieving LENR 
explanation. Clear and convincing evidence is indicated by the emergence of LENR-dedicated 
research centers at several universities and by the significant number of proposed devices 
that purport to produce energy from LENR. When sufficient reproducibility and an adequate 
explanation are achieved, it may be asserted that the evidence is sufficient to demonstrate 
LENR beyond a reasonable doubt.

Policy responses to these proposed levels of evidence may also be suggested. If LENR is 
indicated with a preponderance of evidence, it should be fully reinstated and pursued with 
other emerging energy technologies. If there is clear and convincing evidence, a higher level 
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of support is needed, perhaps comparable to hot fusion support over the past five decades. 
If LENR is indicated beyond a reasonable doubt, it may be appropriate to institute a crash 
program similar to the Manhattan Project, which resulted in the atomic bomb in World War II.

In summary, it appears based on the level of evidence that LENR should at a minimum be 
reinstated and researched fully. It may in fact warrant investigation and development at a level 
similar to hot fusion research. Figure 1 shows diagrammatically how the changing landscape 
of LENR leads to the need for policy updates for its support. The changing landscape began 
sometime after LENR’s 1989 announcement and rejection (AR). The four lines of argument 
(4 L) for its improved prospects described above lead to a need for policy updates (NPU). The 
updates are founded on evidence-based policymaking (EBP). The five policy options (PO) 
are evaluated by the level of evidence (LOE) for LENR existence, leading to the appropriate 
policy responses (PR)—reinstate and research fully or provide more enhanced support.

4. Policies for mitigating adverse secondary impacts

The second policymaking opportunity resulting from LENR’s changing landscape is to 
address potential adverse secondary impacts with proactive planning. Broad deployment of 
LENR for energy supply may be expected to have major secondary impacts as a disruptive 
technology [32, 33]. Direct impacts are anticipated for all phases of the energy chain—supply, 
transport, storage, and consumption. Indirect impacts will be felt most by the components of 
society that are closely tied to the energy cycle, such as the affected sectors of the workforce 
and the communities that rely on energy activities (e.g., coal mining towns).

Technology Assessment (TA) is a mature and well-established method for addressing both 
direct and indirect secondary impacts and may readily be applied to cold fusion case [34, 35]. 
The stages of a TA application are generally as follows:

1. Identify impacts

2. Determined affected parties

3. Develop mitigation strategy

Figure 1. The changing landscape of LENR and resulting need for policy updates for its support. AR—Announcement 
and rejection (1989); 4 L—Four lines of argument; NPU—Need for policy updates; EBP—Evidence-based policymaking 
framework; PO—Five policy options; LOE—Level of evidence for LENR; PR—Policy responses (updates).

Integrated Policymaking for Realizing Benefits and Mitigating Secondary Impacts of Cold Fusion
http://dx.doi.org/10.5772/intechopen.78323

79



Three goals must be achieved for LENR and its benefits to be realized—more consistent 
reproducibility, fuller explanation of the process, and demonstration of its ability to pro-
duce usable amounts of energy. These goals may be achieved with affirmative policies for 
increased R&D support.

3. Policy updates for LENR support

The first policymaking opportunity resulting from LENR’s changing landscape is revision of 
current policies for LENR support. Updates in these policies may best be accomplished in a 
framework of evidence-based policymaking (EBP) [30, 31]. The policy options (PO) are:

1. Discontinue research entirely (unlikely given the continuing interest)

2. Business as usual—continued marginalization

3. Reinstatement and development with other emerging energy technologies

4. Enhanced support, perhaps on a par with hot fusion

5. Crash program, possibly like the Manhattan Project during World War II, to realize LENR’s 
benefits.

Selecting the alternative that best serves the public interest may be challenging because of 
the history and continuing rejection of LENR. Policymaking is further complicated by a need 
for improved reproducibility and a better explanation of the LENR phenomenon. To deal 
with these complications, LENR policy may be analyzed and established in terms of level of 
evidence (LOE) for its existence:

1. Preponderance of evidence (>50% probability)

2. Clear and convincing evidence (>70%)

3. Beyond a reasonable doubt (>90%)

The LOE may be further interpreted for decisions on appropriate policy responses. At least a 
preponderance of evidence may reasonably be inferred from the large number researchers, 
the major body of evidence that has been accumulated, and the progress in achieving LENR 
explanation. Clear and convincing evidence is indicated by the emergence of LENR-dedicated 
research centers at several universities and by the significant number of proposed devices 
that purport to produce energy from LENR. When sufficient reproducibility and an adequate 
explanation are achieved, it may be asserted that the evidence is sufficient to demonstrate 
LENR beyond a reasonable doubt.

Policy responses to these proposed levels of evidence may also be suggested. If LENR is 
indicated with a preponderance of evidence, it should be fully reinstated and pursued with 
other emerging energy technologies. If there is clear and convincing evidence, a higher level 

New Trends in Nuclear Science78

of support is needed, perhaps comparable to hot fusion support over the past five decades. 
If LENR is indicated beyond a reasonable doubt, it may be appropriate to institute a crash 
program similar to the Manhattan Project, which resulted in the atomic bomb in World War II.

In summary, it appears based on the level of evidence that LENR should at a minimum be 
reinstated and researched fully. It may in fact warrant investigation and development at a level 
similar to hot fusion research. Figure 1 shows diagrammatically how the changing landscape 
of LENR leads to the need for policy updates for its support. The changing landscape began 
sometime after LENR’s 1989 announcement and rejection (AR). The four lines of argument 
(4 L) for its improved prospects described above lead to a need for policy updates (NPU). The 
updates are founded on evidence-based policymaking (EBP). The five policy options (PO) 
are evaluated by the level of evidence (LOE) for LENR existence, leading to the appropriate 
policy responses (PR)—reinstate and research fully or provide more enhanced support.

4. Policies for mitigating adverse secondary impacts

The second policymaking opportunity resulting from LENR’s changing landscape is to 
address potential adverse secondary impacts with proactive planning. Broad deployment of 
LENR for energy supply may be expected to have major secondary impacts as a disruptive 
technology [32, 33]. Direct impacts are anticipated for all phases of the energy chain—supply, 
transport, storage, and consumption. Indirect impacts will be felt most by the components of 
society that are closely tied to the energy cycle, such as the affected sectors of the workforce 
and the communities that rely on energy activities (e.g., coal mining towns).

Technology Assessment (TA) is a mature and well-established method for addressing both 
direct and indirect secondary impacts and may readily be applied to cold fusion case [34, 35]. 
The stages of a TA application are generally as follows:

1. Identify impacts

2. Determined affected parties

3. Develop mitigation strategy

Figure 1. The changing landscape of LENR and resulting need for policy updates for its support. AR—Announcement 
and rejection (1989); 4 L—Four lines of argument; NPU—Need for policy updates; EBP—Evidence-based policymaking 
framework; PO—Five policy options; LOE—Level of evidence for LENR; PR—Policy responses (updates).

Integrated Policymaking for Realizing Benefits and Mitigating Secondary Impacts of Cold Fusion
http://dx.doi.org/10.5772/intechopen.78323

79



4. Define sources of assistance (e.g., agencies)

5. Engage representatives (e.g., advisory group)

6. Define mitigation measures for both direct and indirect impacts

7. Develop and implement mitigation plan

TA enables proactive planning to mitigate impacts and has ample precedent for application to 
energy-related issues [36, 37]. Figure 2 summarizes how the changing LENR landscape leads 
to the need for policies for mitigating adverse secondary impacts in addition to required pol-
icy updates for supporting LENR development. Adverse secondary impacts (ASI) stem from 
the need for policy updates (NPU) and are addressed by technology assessment methodology 
(TA). Mitigating measures (MM) are defined, leading to an overall mitigation plan (MP).

5. Opportunities for integrating LENR policies

A third policymaking opportunity for LENR is to integrate the policy actions and updates. 
For example, policies for mitigation planning for secondary impacts can be coordinated with 
the pace of LENR development and deployment. Policies can also be integrated among agen-
cies at the national level, between the public and private sectors, and among nations.

5.1. Integration of mitigation planning with LENR development support

As LENR prospects improve as a result of increased support, mitigation planning can be 
adjusted for the changing imminence and rate of deployment. This adjustment would be 
necessary to achieve the objectives of proactive planning for mitigation. Figure 3 shows how 
the policy response for LENR development (PR) and resulting rate of deployment guides 
planning for mitigation (GP) as the overall plan (MP) is prepared.

Figure 2. Illustration of need for policies to mitigate adverse secondary impacts resulting from the changing LENR 
landscape. ASI—Adverse secondary impacts; TA—Technology assessment methodology; MM—Mitigating measures; 
MP—Overall mitigation plan.
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5.2. Integration of LENR policies among agencies, nations, and the private sector

A focus on integrated LENR policymaking results in opportunities in several other policy 
areas. Public agency policy integration (PA) may take place at the local, state, and national lev-
els and requires alignment and effective communication of the policymaking entities within 
the agencies. Formal arrangements, such as inter-agency agreements, may be used, or integra-
tion may be achieved by informal measures, such as regular inter-agency meetings. While 
these measures have been used to some extent by agencies for various issues in the past, they 
may become increasingly important as LENR deployment progresses.

LENR development—and dealing with its impacts—may be enhanced with stronger integra-
tion between the public and private components of society (PP). For example, LENR may 
benefit from government policies and measures to address “market failures,” in a similar 
vein to current laws and regulations for environmental protection. Existing programs, such 
as small-business research support and provisions for technology transfer from government 
labs to privately held companies, could increase in importance if the government becomes 
more active in LENR research. Public-private partnerships (PPPs) may provide another vehi-
cle for supporting LENR development and realization. An improved stance among patent 
and trademark entities would also substantially enhance efforts in the private sector to realize 
the benefits of LENR. Opportunities may be found for integrating these policy changes and 
updates in the public and private aspects of LENR development.

At the international level, programs may be established for supporting LENR research (IN). 
As LENR reaches the stage of worldwide deployment, bilateral and multi-lateral agreements 
may be made or updated to enhance its availability. For example, the United Nations may 
implement programs for making small LENR units available in a dispersed manner in Third 
World nations. World Bank loans may be made to nations needing support in acquiring 
LENR technology for the benefit of human health and the environment. The World Trade 
Organization may consider LENR and its humanitarian benefits for special rulemaking to 
enhance availability worldwide. Again, opportunities may be found for integration of policy 
changes or updates among these international entities.

Figure 3. The pace of mitigation planning is guided by policies for LENR development and the resulting rate of its 
deployment. GP—Guidance for mitigation planning.
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benefit from government policies and measures to address “market failures,” in a similar 
vein to current laws and regulations for environmental protection. Existing programs, such 
as small-business research support and provisions for technology transfer from government 
labs to privately held companies, could increase in importance if the government becomes 
more active in LENR research. Public-private partnerships (PPPs) may provide another vehi-
cle for supporting LENR development and realization. An improved stance among patent 
and trademark entities would also substantially enhance efforts in the private sector to realize 
the benefits of LENR. Opportunities may be found for integrating these policy changes and 
updates in the public and private aspects of LENR development.

At the international level, programs may be established for supporting LENR research (IN). 
As LENR reaches the stage of worldwide deployment, bilateral and multi-lateral agreements 
may be made or updated to enhance its availability. For example, the United Nations may 
implement programs for making small LENR units available in a dispersed manner in Third 
World nations. World Bank loans may be made to nations needing support in acquiring 
LENR technology for the benefit of human health and the environment. The World Trade 
Organization may consider LENR and its humanitarian benefits for special rulemaking to 
enhance availability worldwide. Again, opportunities may be found for integration of policy 
changes or updates among these international entities.

Figure 3. The pace of mitigation planning is guided by policies for LENR development and the resulting rate of its 
deployment. GP—Guidance for mitigation planning.
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5.3. Summary path to updated and integrated LENR policies

As policies are updated for LENR support and for mitigating adverse secondary impacts, and 
as they are integrated at various levels, the public interest will be served for the humanitar-
ian benefits of LENR. Figure 4 illustrates the full path from the present situation of LENR’s 
changing landscape to the prospective future of fully updated and integrated LENR policies. 
Integrated policymaking (IPM) for LENR development and mitigating its impacts provides the 
basis for further updates and integration for public agency (PA), public-private (PP), and inter-
national (IN) policymaking. The desired result is fully updated and integrated policies (UIP) for 
LENR support and impact mitigation as well as among policymaking entities at various levels.

6. Benefits and challenges of LENR policy integration

Achieving integration of LENR policies as updates are accomplished will have substantial 
public interest benefits. But many challenges must be overcome as well. LENR policy integra-
tion will help avoid conflicts and actions that are at cross-purposes among interested parties. 
Correspondingly, there will be increased efficiency in achieving the policy objectives of the 
parties as well as increased cost effectiveness where entities have common interests. Policy 
integration may also achieve improved social equity, with more rational decisions and less 
influence of purely political considerations.

A principal challenge for policy update and integration is the historical barrier to LENR 
acceptance after its initial rejection. This barrier seems likely to be surmounted as LENR 
continues to be investigated and the evidence continues to show that it is real—and that its 
potential benefits are attainable. Another challenge is the sheer immensity of the expected 
direct and indirect secondary impacts. Proactive planning to address these impacts will be 
a major undertaking. The existence of the long-standing and well-established energy policy 
framework may also present a barrier to effective LENR policies and their integration. This 
framework includes many conflicting interests and agendas that will have to be considered as 
policies are updated and integrated.

Figure 4. Path to updated and integrated LENR policies. IPM—Integrated policymaking framework; PA—Integration 
among public agencies; PP—Policy coordination between public and private sectors; IN—Integration among nations at 
the international level; UIP—Updated and integrated LENR policies.
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7. Summary and conclusions

Despite being rejected by mainstream science not long after it was announced, LENR has con-
tinued to be pursued in many venues, resulting in improved prospects and the need for policy 
updates. Updates are needed both for support of LENR development and preparation to miti-
gate its anticipated adverse secondary impacts. As these updates are accomplished, there are 
opportunities to integrate the policies to support and realize LENR with mitigation planning 
for anticipated impacts. There are also policy integration opportunities among public and 
private entities and at many levels within nations and internationally. The benefits of updat-
ing and integrating LENR policies are substantial, but the challenges for doing so are also 
very large. Opportunities for policy updates and integration may be set forth conceptually, 
but realization in the “real world” will be much more difficult. Nevertheless, it is clear that 
the public interest will be served by updating LENR policies and achieving their integration.
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be deleted if required for this chapter to be included in the book.
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